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FOREWORD

The mission of the U.S. Geological Survey 
(USGS) is to assess the quantity and quality of the 
earth resources of the Nation and to provide informa 
tion that will assist resource managers and policymak- 
ers at Federal, State, and local levels in making sound 
decisions. Assessment of water-quality conditions and 
trends is an important part of this overall mission.

One of the greatest challenges faced by water- 
resources scientists is acquiring reliable information 
that will guide the use and protection of the Nation's 
water resources. That challenge is being addressed by 
Federal, State, interstate, and local water-resource 
agencies and by many academic institutions. These 
organizations are collecting water-quality data for a 
host of purposes that include: compliance with permits 
and water-supply standards; development of remedia 
tion plans for specific contamination problems; opera 
tional decisions on industrial, wastewater, or water- 
supply facilities; and research on factors that affect 
water quality. An additional need for water-quality 
information is to provide a basis on which regional- 
and national-level policy decisions can be based. Wise 
decisions must be based on sound information. As a 
society we need to know whether certain types of 
water-quality problems are isolated or ubiquitous, 
whether there are significant differences in conditions 
among regions, whether the conditions are changing 
over time, and why these conditions change from 
place to place and over time. The information can be 
used to help determine the efficacy of existing water- 
quality policies and to help analysts determine the 
need for and likely consequences of new policies.

To address these needs, the U.S. Congress appropri 
ated funds in 1986 for the USGS to begin a pilot pro 
gram in seven project areas to develop and refine the 
National Water-Quality Assessment (NAWQA) Pro 
gram. In 1991, the USGS began full implementation of 
the program. The NAWQA Program builds upon an 
existing base of water-quality studies of the USGS, as 
well as those of other Federal, State, and local agencies. 
The objectives of the NAWQA Program are to:

  Describe current water-quality conditions for a 
large part of the Nation's freshwater streams, 
rivers, and aquifers.

  Describe how water quality is changing over 
time.

  Improve understanding of the primary natural 
and human factors that affect water-quality 
conditions.

This information will help support the development 
and evaluation of management, regulatory, and moni 
toring decisions by other Federal, State, and local 
agencies to protect, use, and enhance water resources.

The goals of the NAWQA Program are being 
achieved through ongoing and proposed investigations 
of 60 of the Nation's most important river basins and 
aquifer systems, which are referred to as study units. 
These study units are distributed throughout the 
Nation and cover a diversity of hydrogeologic settings. 
More than two-thirds of the Nation's freshwater use 
occurs within the 60 study units and more than two- 
thirds of the people served by public water-supply sys 
tems live within their boundaries.

National synthesis of data analysis, based on 
aggregation of comparable information obtained from 
the study units, is a major component of the program. 
This effort focuses on selected water-quality topics 
using nationally consistent information. Comparative 
studies will explain differences and similarities in 
observed water-quality conditions among study areas 
and will identify changes and trends and their causes. 
The first topics addressed by the national synthesis are 
pesticides, nutrients, volatile organic compounds, and 
aquatic biology. Discussions on these and other water- 
quality topics will be published in periodic summaries 
of the quality of the Nation's ground and surface water 
as the information becomes available.

This report is an element of the comprehensive 
body of information developed as part of the NAWQA 
Program. The program depends heavily on the advice, 
cooperation, and information from many Federal, 
State, interstate, Tribal, and local agencies and the 
public. The assistance and suggestions of all are 
greatly appreciated.

Robert M. Hirsch 
Chief Hydrologist
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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER- 
QUALITY UNITS

This report contains International System and U.S. customary units as listed in the left column of the 
conversion table below.

Multiply By To obtain

Length

inch (in.)

foot (ft) 
mile (mi)

0.03937 
0.3937 
0.000039 
0.3048 
0.6214

millimeter (mm) 
centimeter (cm) 
micrometer (fim) 
meter (m) 
kilometer (km)

Area

square mile (mi2) 2.590 square kilometer (knrr)

Volume

gallon (gal) 
million gallons (Mgal)

3.785 
3785.0

liter (L) 
cubic meter (m3)

Flow

inch per year (in/yr)
foot per day (ft/d)

foot per mile (ft/mi)
cubic foot per second (ft3/s)
gallon per minute (gal/min)

gallon per minute per foot [(gal/min)/ft]
gallon per day (gal/d)

25.40 millimeter per year (mm/yr)
0.3048 meter per day (m/d)
0.1894 meter per kilometer (m/km)
0.02832 cubic meter per second (nvVs)
0.06309 liter per second (L/s)
0.2070 liter per second per minute [(L/s)/min]
0.003785 cubic meter per day (nvVd)

Radioactivity

picocurie per liter (pCi/L) 0.037 becquerel (Bq) = disintegration per second 

Transm issivity

gallon per day per foot [(gal/d)/ft] 
square foot per day (ft2/d)

0.01242 square meter per day (m2/d) 
0.0929

Temperature Both Fahrenheit degrees (°F) and Celsius degrees (°C) are used in this report 
for temperature. Conversions follow:

°F=1.8°C + 32
°C = (°F-32)/1.8

Sea Level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 
(NGVD of 1929) a geodetic datum derived from a general adjustment of the first-order level nets 
of both the United States and Canada, formerly called Sea Level Datum of 1929.

The following terms and abbreviations also are used in this report: 
milliequivalent (meq) millimole (mmol) 
milliequivalent per liter (meq/L) millimole per liter (mmol/L) 
milligram per liter (mg/L) molar (M) 
milliliter (mL) percent modern carbon (pmc) 
milliliter per liter (mL/L)
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Ground-Water-Quality Assessment of the Central 
Oklahoma Aquifer, Oklahoma Geochemical and 
Geohydrologic Investigations

By David L. Rarkhurst, Scott Christenson, and George N. Breit

Abstract

The National Water-Quality Assessment pilot project 
for the Central Oklahoma aquifer examined the chemical and 
isotopic composition of ground water, the abundances and 
textures of minerals in core samples, and water levels and 
hydraulic properties in the flow system to identify geochemi- 
cal reactions that occur in the aquifer and rates and directions 
of ground-water flow. The aquifer underlies 3,000 square 
miles of central Oklahoma and consists of Permian red beds, 
which include parts of the Permian Garber Sandstone, the 
Wellington Formation, and the Chase, Council Grove, and 
Admire Groups, and Quaternary alluvium and terrace depos 
its.

In the parts of the Garber Sandstone and Wellington For 
mation that are not confined by the Permian Hennessey 
Group, calcium, magnesium, and bicarbonate are the domi 
nant ions in ground water; in the confined parts of the Garber 
Sandstone and Wellington Formation and in the Chase, Coun 
cil Grove, and Admire Groups, sodium and bicarbonate are 
the dominant ions in ground water. Nearly all the Central 
Oklahoma aquifer has an oxic or postoxic environment as 
indicated by the large dissolved concentrations of oxygen, 
nitrate, arsenic(V), chromium(VI), selenium(VI), vanadium, 
and uranium. Sulfidic and methanic environments are virtu 
ally absent.

Petrographic textures indicate dolomite, calcite, sodic 
plagioclase, potassium feldspars, chlorite, rock fragments, and 
micas are dissolving, and iron oxides, manganese oxides, 
kaolinite, and quartz are precipitating. Variations in the quan 
tity of exchangeable sodium in clays indicate that cation 
exchange is occurring within the aquifer. Gypsum may dis 
solve locally within the aquifer, as indicated by ground water 
with large concentrations of sulfate, but gypsum was not 
observed in core samples. Rainwater is not a major source for 
most elements in ground water, but evapotranspiration could 
cause rainwater to be a significant source of potassium, sul 
fate, phosphate, and nitrogen species. Brines derived from sea- 
water are the most likely source of bromide and chloride in 
the aquifer.

The dominant reaction in recharge is the uptake of car 
bon dioxide gas from the unsaturated zone (about 2.0-4.0 mil-

limoles per liter) and the dissolution of dolomite (about 0.3- 
1.0 millimoles per liter). This reaction generates calcium, mag 
nesium, and bicarbonate water composition. If dolomite does 
not dissolve to equilibrium, then pH values range from 6.0 to 
7.3; if dolomite dissolves to equilibrium, then pH values are 
about 7.5. By the time recharge enters the deeper flow system, 
all ground water is saturated or supersaturated with dolomite 
and calcite.

After carbonate-mineral equilibration has occurred, cat 
ion exchange of calcium and magnesium for sodium is the 
dominant geochemical reaction, which occurs to a substantial 
extent only in parts of the aquifer. Mass transfers of cation 
exchange that are greater than 2.0 millimoles per liter occur in 
the confined part of the Garber Sandstone and Wellington For 
mation and in parts of the Chase, Council Grove, and Admire 
Groups. Associated with cation exchange is dissolution of 
small quantities of dolomite, calcite, biotite, chlorite, plagio 
clase, or potassium feldspar, which produces pH values that 
range from 8.6 to 9.1.

Large tritium concentrations indicate ground-water ages 
of less than about 40 years for most samples of recharge. Car 
bon-14 ages for samples from the unconfined aquifer gener 
ally are less than 10,000 years. Carbon-14 ages of ground 
water in the confined part of the aquifer range from about 
10,000 to 30,000 years or older. These ages produce a time 
trend in deuterium values that is qualitatively consistent with 
the timing of the transition from the last glacial maximum to 
the present interglacial period.

The most transmissive geologic units in the Central 
Oklahoma aquifer are the Garber Sandstone and Wellington 
Formation and the alluvium and terrace deposits; the Chase, 
Council Grove, and Admire Groups are less transmissive on 
the basis of available specific-capacity data. The transmissivi- 
ties of the Permian geologic units depend largely on the per 
centage of sandstone; the percentage is greatest in the central 
part of the aquifer and decreases in all directions from this 
central part. Because of large mudstone and siltstone contents, 
the Hennessey Group and the Vanoss Formation are assumed 
to be confining units above and below the aquifer. The Cimar- 
ron and the Canadian Rivers were established as the northern 
and southern extents of the aquifer because ot decreases in 
transmissivity beyond the rivers and because ground-water

Geochemical and Geohydrologic Investigations C1



underflow is not indicated at these rivers. The eastern bound 
ary of the aquifer is the limit of the outcrop of the Chase, 
Council Grove, and Admire Groups. The presence of brines in 
the western part of the studv unit and below the aquifer indi 
cate the extent of the freshwater flow system in these direc 
tions.

Regional ground-water flow is west to east; the Deep 
Fork is a major discharge area for the regional flow system. 
Local flow systems are present within the unconfined part of 
the study unit. Most streams are gaining streams, and very few 
losing streams are evident.

Median values of aquifer properties were estimated as 
follows: recharge to the saturated zone, 1.6 inches per year; 
evapotranspiration of water that never reaches the saturated 
zone, 25 to 30 inches per year; porosity, 0.22; storage coeffi 
cient, 0.0002; transmissivity, 260 to 450 square foot per day; 
horizontal hydraulic conductivity, 4.5 feet per day; and the 
ratio of horizontal to vertical hydraulic conductivity, 10,000. 
Reported ground-water withdrawals peaked in 1985 at 
13,900 million gallons but had decreased to 7,860 million 
gallons by 1989. Unreported domestic withdrawals were esti 
mated to be 1,685 million gallons in 1980.

The flow system in the aquifer can be considered to have 
three major components A shallow, local flow system in the 
unconfined part of the aquifer; a deep, regional flow system in 
the unconfined part of the aquifer; and a deep, regional flow 
system in the confined part of the aquifer. In the shallow, local 
flow system, water flows quickly along short flowlines from 
the point of recharge to the point of discharge at the nearest 
stream. Many water samples from shallow wells contain large 
concentrations of tritium, which indicate ground-water ages of 
less than 40 years. In the deep, regional flow system in the 
unconfined part of the aquifer, water takes more time to flow 
along longer flowlines than in the shallow, local flow system. 
Much of the water in this flow system is recharged along 
ridges that correspond to ground-water divides between drain 
age basins. Transit times for water that recharges the aquifer 
along ridges is greater than 5,000 years; these times are com 
puted by using a numerical flow model in conjunction with a 
particle-tracking model. The deep, regional flow system in the 
confined part of the Garber Sandstone and Wellington Forma 
tion is recharged from a small part of the outcrop area of the 
Garber Sandstone. From the recharge area, water flows west 
under the confining unit to discharge to streams as far away as 
the Cimarron River. Flowpaths are long, as much as 50 miles. 
The transit times in this flow system range from thousands to 
tens of thousands of years.

In the Central Oklahoma aquifer, the long-term hydro- 
geochemical process is the removal of unstable minerals, 
which include dolomite, calcite, biotite, chlorite, and feld 
spars, and the replacement of exchangeable sodium on clays 
with calcium and magnesium. Over geologic time, the flux of 
water through the rapidly moving, local flow system has been 
sufficient to remove most of the dolomite, calcite, and 
exchangeable sodium. In places, chlorite and feldspars have 
been removed. In the deep, regional flow system of the uncon 
fined part of the Garber Sandstone and Wellington Formation, 
the flux of water has been sufficient to remove most of the 
exchangeable sodium, but carbonate minerals remain suffi 
ciently abundant to maintain dolomite and calcite equilib

rium. In the confined part of the Garber Sandstone and 
Wellington Formation and in the less transmissive parts of the 
unconfined aquifer, which include the Chase, Council Grove, 
and Admire Groups, ground-water flow is slowest, and the 
flux of water and extent of reaction have been insufficient to 
remove either the carbonate minerals or the exchangeable 
sodium on clays.

INTRODUCTION

Beginning in 1986, Congress has annually appropri 
ated funds for the U.S. Geological Survey (USGS) to con 
duct a National Water-Quality Assessment (NAWQA) 
Program. The long-term goals of the Program are as fol 
lows:

  Providing a nationally consistent description of current 
water-quality conditions for a large part of the Nation's 
water resources.

  Defining long-term trends (or lack of trends) in water 
quality, and

  Identifying, describing, and explaining, as possible, the 
major factors that affect the observed water-quality con 
ditions and trends.

The resulting information, which is being obtained on 
a continuing basis, will provide water managers, policy- 
makers, and the public an improved scientific basis for eval 
uating the effectiveness of water-quality management pro 
grams and for predicting the likely effects of contemplated 
changes in land- and water-management practices. A 
description of the concepts for a NAWQA Program is pro 
vided by Hirsch, Alley, and Wilber (1988).

Initially, seven project areas were selected as pilot 
studies to test and refine the assessment concept. The Cen 
tral Oklahoma aquifer was selected for study in the pilot 
NAWQA Program because it is a major source of water 
supplies in central Oklahoma and because it has several 
known or suspected water-quality problems. These prob 
lems include arsenic, chromium, and selenium concentra 
tions in excess of public drinking-water standards 
established by the U.S. Environmental Protection Agency 
(USEPA); large gross alpha particle activity; contamination 
by synthetic organic compounds; and contamination by oil 
field brines and drilling fluids. The aquifer also was chosen 
for study because it underlies large urban areas, and the 
effects of an urban environment on regional ground-water 
quality have not been studied extensively.

The objectives of the Central Oklahoma aquifer 
project are to investigate regional ground-water quality 
throughout the aquifer, emphasizing the occurrence and dis 
tribution of potentially toxic substances, including trace ele 
ments, organic compounds, and radioactive constituents; to 
describe the relation of ground-water quality to geohydro- 
logic and other pertinent factors; and to provide a general 
description of the location, nature, and causes of selected

C2 National Water-Quality Assessment Central Oklahoma Aquifer



water-quality problems within the study unit (Christenson 
and Parkhurst, 1987).

The Central Oklahoma aquifer project has four major 
components (Christenson and Parkhurst, 1987). The first 
component is the compilation and analysis of available 
information. The second is geochemical and geohydrologic 
investigations of the aquifer flow system. The third is a 
regional water-quality sampling for a variety of inorganic, 
organic, and radioactive constituents that will produce a set 
of data consistent with the other ground-water pilot projects. 
The fourth is targeted water-quality sampling that will 
address, in more detail, some of the major water-quality 
problems in the aquifer.

The second component of the project, the geochemi 
cal and geohydrologic investigations of the aquifer flow 
system, is needed to provide background information for the 
water-quality assessment. The fate and movement of chemi 
cal constituents in ground water depend on the ground- 
water flow system and the geochemical environment of the 
aquifer. This report is one of two primary products of the 
geochemical and geohydrologic investigations. The other 
report (Christenson, Morton, and Mesander, 1992) presents 
large-scale maps of the major hydrogeologic features of the 
Central Oklahoma aquifer.

Purpose and Scope

This report provides a comprehensive description of 
the major elements of the geochemistry and geohydrology 
of the Central Oklahoma aquifer. The report describes the 
geohydrologic units that are part of the aquifer, the mineral 
ogy of the geologic units, the geochemical reactions that 
affect the major-ion composition of water in the aquifer, 
recharge, discharge, hydraulic properties, flowlines, and the 
age of ground water. Most of the discussion is directed 
toward the Permian bedrock geologic units in the study 
area, and only a brief discussion of the Quaternary alluvium 
and terrace deposits is included. The scope of the work 
included petrographic analysis of core material, measure 
ments of water levels and stream flows, sampling wells for a 
large variety of chemical constituents, analyses of aquifer 
tests, age dating of ground water, numerical flow modeling, 
and geochemical modeling.
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DESCRIPTION OF THE STUDY UNIT

The Central Oklahoma aquifer underlies about 3,000 
mi2 of central Oklahoma (fig. 1), where the aquifer is used 
extensively for municipal, industrial, commercial, and 
domestic water supplies. Most of the usable ground water 
within the aquifer is in the Garber Sandstone and Welling 
ton Formation. Substantial quantities of usable ground 
water also are present in the Chase, Council Grove, and 
Admire Groups, which underlie the Garber Sandstone and 
Wellington Formation, and in alluvium and terrace deposits, 
which are associated with the major streams in the study 
unit.

37 C
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Figure 1. Location of the Central Oklahoma aquifer and the study 
area.
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Location and Physiography

The Central Oklahoma aquifer underlies all or parts 
of Cleveland, Logan, Lincoln, Oklahoma, Payne, and Potta- 
watomie Counties (fig. 2). The eastern part of the study unit 
is characterized by low hills, and the relief ranges from 30 
to 200 ft. The western part of the study unit is characterized 
by a gently rolling grass-covered plain, and the relief is less 
than 100 ft. Elevations within the study unit generally are 
higher in the west than in the east. The highest altitude is 
about 1,300 ft above sea level in the western part of the 
study unit along the drainage divide between the Canadian 
and the North Canadian Rivers; the lowest altitudes are 
about 800 ft above sea level in the northeastern part of the 
study unit along the Cimarron River and the Deep Fork (fig. 
2).

The major streams in the study unit are the Cimarron 
River, the Deep Fork, the North Canadian River, the Little 
River, and the Canadian River (fig. 2). These streams, 
which flow from west to east across the study unit, have 
formed broad, flat alluvial valleys. The Little River is a trib 
utary to the Canadian River, and the Deep Fork is a tributary 
to the North Canadian River. The headwaters of the Little 
River and the Deep Fork are within the study unit.

The average annual temperature in the study unit is 
about 16°C. The average annual precipitation is approxi 
mately 33 in., most of which falls from April through Octo 
ber.

Definition of the Central Oklahoma Aquifer

The Central Oklahoma aquifer consists of those geo 
logic units that yield substantial volumes of water to wells 
from the extensive, continuous ground-water flow system in 
all or parts of Cleveland, Lincoln, Logan, Oklahoma. Payne, 
and Pottawatomie Counties. Ground water in this flow sys 
tem originates as recharge from precipitation and circulates 
in alluvium and terrace deposits along major streams; in the 
Garber Sandstone and Wellington Formation; and in the 
Chase, Council Grove, and Admire Groups. Because most 
deep wells in central Oklahoma are completed in the Garber 
Sandstone and Wellington Formation, the Central Okla 
homa aquifer commonly has been referred to as the "Gar- 
ber-Wellington aquifer," but this terminology is imprecise 
because (1) the Garber Sandstone and Wellington Forma 
tion are not an aquifer outside of central Oklahoma because 
of a decrease in transmissivity, and (2) the water in the 
underlying Chase, Council Grove, and Admire Groups and 
in the overlying alluvium and terrace deposits is part of the 
same flow system. Therefore, the term "Central Oklahoma 
aquifer" is preferred. A map of the surficial geology overly 
ing the Central Oklahoma aquifer is shown in figure 3.

The transmissivities of the Garber Sandstone, the 
Wellington Formation, and the Chase, Council Grove, and

Admire Groups decrease to the north and south to the point 
where these geologic units no longer yield substantial quan 
tities of water to wells. Ideally, well yields would define the 
limit of the Central Oklahoma aquifer. Unfortunately, data 
are insufficient to define the limits of the aquifer on the 
basis of well yields. Therefore, the limits of the Central 
Oklahoma aquifer are defined by hydrologic inferences. 
The Cimarron River was established as the northern bound 
ary of the aquifer for the following three reasons: the Garber 
Sandstone, the Wellington Formation, and the Chase, Coun 
cil Grove, and Admire Groups are less transmissive north of 
the river; few, if any, large-capacity wells are completed in 
these geologic units north of the river; and it is believed that 
the river is a hydrologic boundary to ground-water flow 
such that little or no ground water flows from one side of 
the river to the other. The Canadian River was established as 
the southern boundary of the aquifer, for similar reasons.

The eastern boundary of the aquifer was defined to be 
the eastern limit of the outcrop of the Chase, Council Grove, 
and Admire Groups. These groups are underlain by the 
Vanoss Formation, which has a smaller transmissivity and 
confines the flow system to the overlying units. The western 
boundary of the study unit is considered to be where fresh 
water circulation in the aquifer becomes negligible. An 
increase in dissolved-solids concentration in the western 
part of the study unit is thought to indicate a decrease in the 
circulation of ground water. A dissolved-solids concentra 
tion of 5,000 mg/L, selected to be consistent with the work 
of Hart (1966), was established as the indicator of an 
increase in dissolved solids and a decrease in circulation. 
Therefore, the western boundary of the study unit is defined 
by the increase in dissolved solids to 5,000 mg/L that occurs 
at about the Oklahoma-Canadian/Kingfisher-Logan Coun 
ty line (Hart, 1966).

The lower boundary of the aquifer is considered to be 
the lower limit of ground water that contains less than 5,000 
mg/L dissolved solids. Hart (1966) referred to this lower 
limit as the "base of fresh ground water," and this term is 
retained in this report. The altitude of the base of fresh 
ground water is shown in figure 4. The base of fresh ground 
water is deepest in south-central Oklahoma County, where 
the depth from land surface to the base of fresh ground 
water is about 1,000 ft. To the north, south, and east, the 
base of fresh ground water slopes upward gradually until it 
is only about 100 ft below land surface at the boundaries of 
the aquifer. To the west, the base of fresh ground water rises 
gradually to about the Oklahoma-Canadian/Logan-King- 
fisher County line. At that line, the depth to the base of fresh 
ground water decreases abruptly from about 800 to about 
200 ft.

The western one-third of the aquifer is confined 
where the Garber Sandstone is overlain by the Hennessey 
Group. The eastern two-thirds of the aquifer is considered to 
be unconfined where the Garber Sandstone, the Wellington 
Formation, or the Chase, Council Grove, and Admire

C4 National Water-Quality Assessment Central Oklahoma Aquifer
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Figure 3. Geology of central Oklahoma.
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Groups are exposed at the surface. Because of the presence 
of siltstones and mudstones, water deep in the aquifer may 
be confined, even in the eastern part of the aquifer. How 
ever, for this report use of the term "confined" refers to that 
part of the aquifer that underlies the Hennessey Group.

Two terms are used in this report to describe the limit 
of the study in relation to the Central Oklahoma aquifer. The 
term "study area" is used to describe the area on the Earth's 
surface bounded by 34°45' and 36° north latitude and 
96°45' and 97°45' west longitude. The term "study unit" is 
used to define the volume of earth between the upper limit 
of the zone of saturation and the base of fresh ground water 
and bounded by the extent of the Central Oklahoma aquifer 
(fig. 1). The study area is larger than the study unit because 
the geochemistry and geohydrology of the Central Okla 
homa aquifer are affected by geologic units adjacent to the 
aquifer; thus, data were collected beyond the limits of the 
study unit. Note that the study unit contains a large volume 
of the Hennessey Group and a small volume of the El Reno 
Group and the Vanoss Formation, none of which are consid 
ered to be part of the Central Oklahoma aquifer.

Description of Geohydrologic Units

The Central Oklahoma aquifer consists of Quaternary 
alluvium and terrace deposits and Permian geologic units. 
In central Oklahoma, it is difficult to study ground water in 
geologic units of either age without studying the other 
because ground water that flows through the Permian geo 
logic units discharges through the Quaternary geologic 
units, and many wells are completed in both geologic units. 
However, much of the discussion in this report is directed 
toward the flow system in the Permian units because ground 
water in the alluvium and terrace deposits is volumetrically 
a small fraction of the Permian units, the flow system in the 
alluvium and terrace deposits is relatively simple as com 
pared with that in the Permian units, and the alluvium and 
terrace deposits have been studied previously.

Quaternary Geologic Units

The Quaternary geologic units consist of alluvium 
and terrace deposits that occur along streams in the study 
unit. The hydrogeology of some of the alluvium and terrace 
deposits has been described previously in Bingham and 
Moore (1975), Christenson (1983), Havens (1989), and 
H.L. Case (Oklahoma State University, unpub. Master's 
thesis, 1973). For this report, the alluvium and terrace 
deposits are discussed only in general terms, and there is no 
detailed analysis of the ground-water flow system or 
geochemistry.

Alluvium

Alluvium deposited by streams is the youngest geo 
logic unit in the study unit. The alluvium is constantly being 
eroded, transported, and deposited by streams. Alluvium is 
present along most of the perennial streams in the study 
unit. The most extensive alluvium is present along the North 
Canadian and the Canadian Rivers where it is as much as 3 
mi wide. The alluvium consists of lenticular beds of uncon- 
solidated clay, silt, sand, and gravel. The thickness of the 
alluvium ranges from 0 to about 100 ft. Where the alluvium 
is thickest and contains beds of gravel, wells yield as much 
as 700 gal/min (Bingham and Moore, 1975).

Terrace Deposits

Terrace deposits associated with streams in the study 
unit are older alluvial deposits that occur where erosion has 
deepened the stream valleys and left the ten-ace deposits 
topographically above the present-day alluvium. In the 
study unit, terrace deposits occur along the Deep Fork and 
the Canadian and the North Canadian Rivers; these deposits 
are as much as 8 mi wide. Outside of the study unit, terrace 
deposits occur along the Cimarron and the Little Rivers, but 
none are mapped along these streams within the study unit. 
Like the alluvium, the terrace deposits consist of lenticular 
beds of unconsolidated clay, silt, sand, and gravel. Thick 
ness of the terrace deposits in the study unit ranges from 0 
to 100 ft. Wells completed in the most productive terrace 
deposits may yield as much as 300 gal/min (Bingham and 
Moore, 1975).

Permian Geologic Units

Beneath the alluvium and terrace deposits are consol 
idated geologic units of Permian age. These strata generally 
are red or reddish brown and thus generally are referred 
to as "red beds." The structural geology of these Permian 
units is very simple. No faults are mapped on the surface in 
the geologic maps included in Bingham and Moore (1975) 
or Hart (1974). The regional dip is to the west at about 50 
ft/mi. The simple structural geology can be seen in the geo- 
hydrologic section shown in figure 5.

El Reno Croup

The youngest consolidated geologic unit in the study 
unit is the El Reno Group, which consists of fine-grained 
red-brown sandstone with some mudstone conglomerates 
and shales. Wells in this unit generally yield sufficient water 
for domestic and stock uses. The El Reno Group is not con 
sidered to be part of the Central Oklahoma aquifer because 
it is separated from the aquifer by the Hennessey Group, 
which is a confining layer; however, a small outcrop of the 
El Reno Group exists within the study unit.

C8 National Water-Quality Assessment Central Oklahoma Aquifer
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Hennessey Group

Stratigraphically below the El Reno Group are rocks 
of the Hennessey Group. The Hennessey Group is present in 
the western one-third of the study unit but has been 
removed by erosion in the eastern two-thirds. The Hennes 
sey Group consists of reddish-brown shales and mudstones, 
with a few thin beds of very fine grained sandstone. 
Because the Hennessey Group comprises mainly shale and 
mudstone, transmissivity is low; consequently, the Hennes 
sey is a confining unit. Even though the transmissivity is 
low, a few small-yield wells, for domestic and stock uses, 
are completed in the Hennessey Group. The Hennessey 
Group is not considered to be part of the Central Oklahoma 
aquifer but is discussed in this report because it confines the 
Central Oklahoma aquifer and crops out within the study 
unit. A map of the altitude of the base of the Hennessey 
Group is shown in figure 6.

Garber Sandstone and Wellington Formation

Stratigraphically below the Hennessey Group are the 
Garber Sandstone and Wellington Formation. In central 
Oklahoma, the Garber Sandstone and Wellington Formation 
have similar lithologies. These units consist of lenticular 
beds of cross-bedded, fine-grained sandstone interbedded

with siltstone and mudstone. The sand is predominantly 
quartz, and the sandstone is friable. These units were depos 
ited in a fluvial/deltaic sedimentary environment, and the 
lithologic variability is very large, even over short distances. 
In the central part of the study unit, the lithology of the Gar 
ber Sandstone is predominantly sandstone. However, away 
from the central part of the study unit, it becomes more of a 
mixture of sandstones, siltstones, and mudstones and is dif 
ficult to distinguish from the underlying Wellington Forma 
tion. Therefore, these two geologic units are treated as a 
single geohydrologic unit in this report.

Sandstone percentage was calculated by summing the 
thickness of sandstone lithologies intercepted in a well and 
dividing by the total well depth. In southwestern Oklahoma 
County, a few wells completed in the Garber Sandstone and 
Wellington Formation intercept a maximum of more than 70 
percent sandstone (R.A. Funkhouser. U.S. Geological Sur 
vey, written commun., 1990). The percentage decreases in 
all directions from southwestern Oklahoma County to a 
minimum of about 40 percent at the eastern limit of the 
Wellington Formation and at the Cimarron and the Cana 
dian Rivers. Median sandstone percentage in the Garber 
Sandstone and Wellington Formation is about 60 percent.

Geochemical and Geohydrologic Investigations C9
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The Garber Sandstone and Wellington Formation are at 
the surface in the central part of the study unit but have been 
removed by erosion in the east. Where a full section of the 
Garber Sandstone and Wellington Formation is present in 
wells examined for this study, the thickness of the units 
ranges from 1,165 to 1,600 ft with a median thickness of 
1,510 ft (Christenson, Morton, and Mesander, 1992). A map 
of the base of the Wellington Formation is shown in 
figure 7.

A few wells completed in the Garber Sandstone and 
Wellington Formation yield as much as 600 gal/min, but 
because the sandstone is fine, yields generally range from 
200 to 400 gal/min in wells designed for maximum yield.

Chase, Council Grove, and Admire Groups

Stratigraphically below the Wellington Formation are 
the Permian Chase, Council Grove, and Admire Groups 
(undivided in this report). Bingham and Moore (1975) 
referred to the Chase, Council Grove, and Admire Groups 
as the "Oscar Group" and assigned it to the Pennsylvanian 
System. Although data from Bingham and Moore (1975) 
are cited frequently, the term "Oscar Group" is not used in 
this report. Lindberg (1987) referred to these geologic units 
as the Chase, Council Grove, and Admire Groups of Per 
mian age. This terminology follows the usage of the USGS 
and is used in this report.

Where complete sections are present in wells exam 
ined for this study, the combined thickness of these groups 
ranges from 570 to 940 ft with a median thickness of 745 ft 
(Christenson, Morton, and Mesander, 1992). In surface 
exposures in the eastern part of the study unit, these groups 
have similar lithologies that consist of beds of cross-bedded, 
fine-grained sandstone, shale, and thin limestone. Median 
sandstone percentage in the freshwater section is 26 percent. 
A map of the base of these groups is shown in figure 8.

In the central part of the study unit, wells are com 
pleted in the Wellington Formation and in one or more of 
the underlying Chase, Council Grove, or Admire Groups. 
East of the outcrop of the Wellington Formation, wells that 
are completed only in the Chase, Council Grove, and (or) 
Admire Groups generally yield from 10 to 100 gal/min; a 
few wells yield as much as 120 gal/min.

Pennsylvanian Geologic Unit Vanoss Formation

The Vanoss Formation is the only Pennsylvanian geo 
logic unit in the study unit and is the oldest geologic unit 
considered in this report. It underlies the Chase, Council 
Grove, and Admire Groups and occurs along the eastern 
boundary of the study unit. The Vanoss Formation consists 
mainly of shale and a few thin, fine-grained sandstone beds, 
which generally do not yield substantial volumes of water to 
wells. The Vanoss Formation is not considered to be part of 
the Central Oklahoma aquifer but is discussed in this report 
because it confines the Central Oklahoma aquifer.

GEOCHEMISTRY

The chemical evolution of ground water is due to 
geochemical reactions between water and the minerals and 
gases within the unsaturated and saturated zones of the 
aquifer. The purpose of the geochemical investigation is to 
identify and quantify these geochemical reactions. The evi 
dence used to investigate the geochemical reactions is 
obtained by petrographic examination of the aquifer mate 
rial and analysis of the chemical and isotopic composition 
of ground-water samples. The ultimate descriptions of the 
geochemical reactions are mass-balance models that quanti 
tatively account for the chemical and isotopic evolution of 
ground water and are consistent with the reactant minerals 
identified by petrographic observations.

Three sets of data were used in the geochemical 
investigation. First, records of chemical analyses of ground- 
water samples were obtained at the beginning of the 
NAWQA study from Federal, State, and local sources. 
These data were described in Parkhurst, Christenson, and 
Schlottmann (1994). Second, ground-water samples from 
wells in the study unit were collected and analyzed during 
the present study. These data were collected to provide spa 
tial coverage of the entire study unit or of specific parts of 
the study unit. Finally, ground-water samples and core sam 
ples were collected from test holes drilled during the present 
study. Eight test holes at seven locations were drilled to 
investigate naturally occurring trace substances (NOTS) in 
ground water, specifically arsenic, chromium, selenium, 
uranium, and gross-alpha particle activity. The test holes are 
referred to as the "NOTS test holes."

In this section, the geochemical reactions in the Cen 
tral Oklahoma aquifer are identified and quantified. First, 
general descriptions are presented of the chemical composi 
tion of ground water in the study unit. These descriptions 
are followed by an examination of the sources of water 
(recharge and residual brines) and the mineral reactants that 
are in the system. Finally, mass-balance modeling uses these 
sources of water and reactant minerals to quantify geochem 
ical reactions that account for the chemical and isotopic 
composition of ground water. The results of the mass-bal 
ance modeling are used with carbon-14 data to estimate 
ground-water ages.

Description of the Chemical Composition of 
Ground Water

Several methods are used to provide general descrip 
tions of the chemical composition of ground water in the 
study unit. A statistical summary describes the distribution 
of chemical concentrations in the samples from the present 
study, exclusive of the test-hole samples. Maps show the 
geographic distribution of major elements in the shallow 
and deep parts of the study unit. Water-quality diagrams

Geochemical and Geohydrologic Investigations C11
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summarize the major-element concentrations in specific 
parts of the study unit. Only a brief discussion on the occur 
rence of trace elements is presented. Finally, the nature of 
the redox environment in the study unit is discussed in 
detail.

Summary Statistics

A statistical summary of the data collected in the 
present study is presented in table 1. The method of Helsel 
and Cohn (1988) was used to calculate percentiles for con 
stituents that have censored data. The most recent sample 
from each sampling site was included in the sample set used 
to calculate the summary statistics. Data from test holes 
were excluded from the sample set because the drilling 
locations were not randomly chosen; the locations were 
chosen specifically to be near known water-quality prob 
lems. All other sites were selected to provide spatial cover 
age of the study unit.

Major-Element Chemistry

Figures 9 and 10 (Parkhurst, Christenson, and 
Schlottmann, 1994) show major ion concentrations in 
ground water from the shallow part (defined as depths of 
less than 100 ft in that study) and the deep part (depths of 
greater than 300 ft) of the study unit. All samples used in 
the construction of these two maps were from wells that 
were completed above the base of fresh ground water.

Ion concentrations are closely correlated with geo 
logic units in the shallow part of the study unit (fig. 9). In 
ground water in the Garber Sandstone, the Wellington For 
mation, and the El Reno Group, calcium and magnesium are 
the dominant cations, and bicarbonate is the dominant 
anion. Ground water in the Hennessey Group and the 
Chase, Council Grove, and Admire Groups has larger con 
centrations of sodium and, in parts of the groups, larger con 
centrations of sulfate and chloride. Samples from the deep 
parts of the Garber Sandstone and Wellington Formation 
were used to depict the major element chemistry of deep 
ground water (fig. 10). The map shows that the ground- 
water in the deep, unconfined part of the Garber Sandstone 
and Wellington Formation contains predominantly calcium 
magnesium bicarbonate water. However, ground water in 
the deep, confined part of these units contains larger con 
centrations of sodium.

Water-quality diagrams (fig. 11) were generated to 
distinguish variations in water composition that are appar 
ent in figures 9 and 10. The diagrams were generated by 
combining the data collected in the present study with the 
data of Parkhurst, Christenson, and Schlottmann (1994). 
Only data associated with individual wells of known depth 
were used from the study of Parkhurst, Christenson, and 
Schlottmann (1994). All data, except the data from the test 
holes, were used from the present study. Water-quality dia

grams were made by using samples from wells completed in 
the following seven parts of the study unit (note that the def 
inition of shallow differs from the definition in figures 9 and 
10, Parkhurst, Christenson, and Schlottmann, 1994):
  The alluvium and terrace deposits
  The Hennessey Group
  The Garber Sandstone and Wellington Formation

  Shallow, unconfined (depths of less than or equal to 
300 ft)

  Deep, unconfined (depths of greater than 300 ft)
  Shallow, confined (depths of less than or equal to 300 ft)
  Deep, confined (depths of greater than 300 ft)

  The Chase, Council Grove, and Admire Groups
Figure 11 shows the median concentration in mil- 

liequivalents per liter of each major ion. Also shown are the 
25th and 75th percentiles of each ion; 25 percent of the data 
are less than the 25th percentile, and 75 percent of the data 
are less than the 75th percentile. The percentiles are one 
measure of the range in concentrations that have been 
observed for each part of the study unit.

The following generalizations can be made from the 
maps of major ions (figs. 9, 10) and the water-quality dia 
grams (fig. 11). Calcium, magnesium, and bicarbonate are 
the dominant cations in the unconfined part of the Garber 
Sandstone and Wellington Formation. Sodium and bicar 
bonate are the dominant ions in the rest of the Permian geo 
logic units; that is, the Hennessey Group, the confined part 
of the Garber Sandstone and Wellington Formation, and the 
Chase, Council Grove, and Admire Groups. All parts of the 
study unit have similar concentrations of bicarbonate. Con 
centrations of sulfate and chloride are small in most parts of 
the study unit. The largest concentrations of chloride tend to 
be in the shallow, confined part of the Garber Sandstone and 
Wellington Formation. The largest concentrations of sulfate 
tend to be in the Hennessey Group and the southern part of 
the confined Garber Sandstone and Wellington Formation.

Trace-Element Chemistry

It is beyond the scope of this report to consider the 
geochemistry of trace elements in detail. Descriptive statis 
tics for trace elements analyzed in the present study are pre 
sented in table 1. Large concentrations of barium, boron, 
iron, and strontium are evident in some of the percentile sta 
tistics (table 1). Parkhurst, Christenson, and Schlottmann 
(1994) determined that in the deep part of the Garber Sand 
stone and Wellington Formation, arsenic, chromium, and 
selenium concentrations commonly exceeded the primary 
water-quality standards set forth by the U.S. Environmental 
Protection Agency (1986). Concentrations of manganese 
that were greater than the secondary water-quality standards 
commonly occurred in the alluvium and terrace deposits 
(Parkhurst, Christenson, and Schlottmann, 1994). No stan 
dard exists for uranium, but large concentrations of uranium

C14 National Water-Quality Assessment Central Oklahoma Aquifer
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Figure 9. Major-element chemistry in the shallow part (depths of less than 100 ft) of the study area.
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Figure 10. Major-element chemistry in the deep part (depths of greater than 300 ft) of the Carber Sandstone and Wellington 
Formation.
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Figure 11 . Median major-ion concentrations of water samples from geohydrologic units within the Central 
Oklahoma aquifer.

occur in most parts of the study unit (Parkhurst, Christen- 
son, and Schlottmann, 1994). Large concentrations of ura 
nium are most common in the Hennessey Group, at depths 
greater than 100 ft in the Garber Sandstone and Wellington 
Formation, and in the Chase, Council Grove, and Admire 
Groups (Parkhurst, Chnstenson, and Schlottmann, 1994). 
Implications of some trace-element concentrations with

regard to the oxidation-reduction environment in the study 
unit are discussed in the following section.

Oxidation/Reduction Environment

Berner (1981) presented a classification of oxidation/ 
reduction (redox) environments in sedimentary deposits that
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is equally applicable to ground-water systems. Berner clas 
sifies the redox environment on the basis of the presence or 
absence of certain redox minerals and dissolved redox spe 
cies. The environments in this classification are oxic, post- 
oxic, sulfidic, and methanic. The data from the NAWQA 
study are interpreted on the basis of this classification 
and on the presence or absence of other redox-indicating 
species.

The sample set used in this discussion of redox envi 
ronments includes one sample from each well that was sam 
pled in this study. The sample set also includes one sample 
from each sampling depth of the test holes that were drilled 
during this study. The total number of samples in this set is 
226; some samples, however, were not analyzed for all con 
stituents.

In Berner's classification system, an oxic environ 
ment is defined by the presence of measurable dissolved- 
oxygen concentrations. Dissolved oxygen was measured in 
this study by a dissolved-oxygen electrode in a closed flow- 
through cell; however, the water was obtained through 
existing pumps and plumbing, which could allow air to be 
entrained in the sample. Therefore, a large value of 1 mg/L 
was the criterion for measurability because of sampling 
uncertainties. Dissolved oxygen was greater than 1 mg/L in 
179 of 225 samples analyzed; dissolved-oxygen concentra 
tions were less than 1 mg/L in only 46 samples.

Environments that lack dissolved oxygen are termed 
anoxic and are subdivided into postoxic, sulfidic. and 
methanic (Berner, 1981). Sulfidic environments have mea 
surable concentrations of dissolved sulfide, and sulfidic and 
methanic environments are characterized by the presence of 
sulfide minerals. Dissolved sulfide and sulfide minerals are 
rare or absent in the Central Oklahoma aquifer; thus, the 
anoxic samples are classified as postoxic. The postoxic 
environment is characterized by the successive reduction of 
nitrate, manganese, and iron (Berner, 1981). Some trace ele 
ments also may change redox states within a postoxic envi 
ronment.

The equilibrium distributions of redox states of 
redox-active elements are shown in figure 12 as a function 
of pe (negative log of the activity of the electron) for water 
compositions representative of two water types in the Cen 
tral Oklahoma aquifer calcium magnesium bicarbonate 
(pH 7.0) and sodium bicarbonate (pH 9.0). Distributions 
were calculated with the equilibrium geochemical model 
PHREEQE (Parkhurst, Thorstenson, and Plummer, 1980) by 
using thermodynamic data from WATEQ4F (Ball and Nord 
strom, 1990) for arsenic and selenium, MINTEQA1 (Brown 
and Allison, 1987) for chromium, Langmuir (1978) for ura 
nium, and Wanty (1986) for vanadium. An arrow on the dia 
gram points to the equilibrium pe at which one-half of the 
concentration of an element is in the more oxidized redox 
state and one-half is in the more reduced state. Although 
redox reactions are often nonequilibrium processes that are 
mediated by microorganisms, the presence and absence of

the various oxidized or reduced states of elements are con 
sistent with an oxic or postoxic environment for the Central 
Oklahoma aquifer.

Nitrate [nitrogen(V)] plus nitrite [nitrogen(III)] con 
centrations were greater than the minimum reporting level 
(usually 0.1 mg/L as N) in 193 of 224 samples in the set. 
Nitrite concentrations were small relative to nitrate concen 
trations in all cases. The presence of nitrate indicates oxic or 
postoxic redox conditions (fig. 12).

Ammonium [nitrogen(-III)] concentrations were 
greater than the minimum reporting level (usually 0.01 
mg/L as N) in 111 of 222 samples. Of these samples, 75 
also had dissolved-oxygen concentrations of greater than 
1 mg/L. The presence of ammonium (postoxic) and dis 
solved oxygen (oxic) must be a disequilibrium phenome 
non, as shown in figure 12. Nitrate plus nitrite and 
ammonium are detectable in 88 samples. The simultaneous 
presence of these two redox states of nitrogen indicates that 
ammonium oxidation or nitrate reduction may control the 
redox environment in parts of the aquifer. In 23 samples, the 
absence of nitrate plus nitrite coupled with the presence of 
ammonium indicates postoxic conditions that are more 
reducing than conditions where oxygen or nitrate are 
present.

Large iron concentrations at neutral or higher pH 
indicate the presence of iron(II) and postoxic, which 
approaches sulfidic redox conditions. Of the 226 samples, 
the iron concentrations in 178 were less than or equal to 30 
(j.g/L, and only 15 had iron concentrations of greater than 
500 |Hg/L.

Analyses of other redox-active elements also indicate 
oxic or postoxic conditions. Chromium(VI), which is the 
most oxidized form of chromium in natural waters, was ana 
lyzed in 110 of the ground-water samples. Chromium(VI) 
was less than the minimum reporting level (1 |*ig/L) in 36 
samples; however, dissolved chromium also was less than 
its minimum reporting level (generally 5 |*ig/L) in all but 
two of these samples. In general, if chromium concentra 
tions were measurable, then chromium(VI) was the domi 
nant form of chromium in solution. A limited number of 
samples were analyzed for multiple redox states of arsenic 
and selenium. The oxidized form of arsenic [arsenic(V)] 
was the dominant form in arsenic analyses. The oxidized 
form of selenium [selenium(VI)] was the dominant form in 
selenium analyses (Schlottmann and Funkhouser, 1991). 
The large concentrations of uranium (greater than 10 pCi/L) 
that are present in some samples indicate the presence of 
uranium(VI) because uranium(IV) phases are very insolu 
ble. Similarly, large concentrations of vanadium (greater 
than 10(j,g/L) indicate the presence of vanadium(V) 
because of the low solubility of vanadium(III) minerals. The 
oxidized form of all these trace elements indicates oxic or 
postoxic conditions (fig. 12).

The ground-water samples of this study were catego 
rized as oxic or postoxic. The redox environment at each
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Figure 12. Valence-state transitions of redox-active elements as a function of pe [negative 
logarithm (base 10) of the activity of the electron] for two representative water compositions of the 
Central Oklahoma aquifer, calcium magnesium bicarbonate (pH 7.0), and sodium bicarbonate (pH 
9.0).
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sample location was mapped in figure 13. Assuming that 
sulfidic and methanic redox environments are absent in the 
Central Oklahoma aquifer, a ground-water sample was cate 
gorized as postoxic if any one of the following criteria were 
met:
  Dissolved oxygen was less than 1 mg/L
  Ammonium was greater than the minimum reporting 

level, and nitrite plus nitrate was less than the minimum 
reporting level, or

  Dissolved iron was greater than 500 Jig/L. 
All other samples were categorized as oxic because they 
contained dissolved-oxygen concentrations of greater than 
1 mg/L. These criteria may underestimate the number of 
wells with postoxic conditions if dissolved-oxygen concen 
trations are greater than 1 mg/L because of sampling con 
tamination.

Fifty-three samples from 49 sites were categorized as 
postoxic (fig. 13). The sites are distributed among the geo 
logic units as follows: 23 sites have wells in the alluvium 
and terrace deposits; 12 sites have wells in or near the out 
crop of the Chase, Council Grove, and Admire Groups; 6 
sites have wells that penetrate the Hennessey Group to draw 
water from the Garber Sandstone; 6 sites have wells in the 
outcrop of the Garber Sandstone; and 2 sites have wells in 
the Hennessey Group. Two of the sites with wells in the out 
crop of Garber Sandstone were test holes that were sampled 
at multiple depths. At these two sites, only the deepest sam 
ples had postoxic redox conditions.

Petrographic data are consistent with the water-chem 
istry data, which indicate a predominantly oxic and postoxic 
environment in the aquifer. Ferric-oxyhydroxide minerals 
(hematite and goethite) are ubiquitous, and manganese 
oxides are common. Organic matter is almost completely 
absent from the core materials obtained from the aquifer. 
Pyrite is very rare; the one pyrite grain that was identified 
was substantially oxidized to goethite. Some phases formed 
in reducing environments (sulfidic or methanic) [for exam 
ple, selenium(-II) and vanadium(III) phases] have been 
identified. However, these phases persist in very small 
zones (less than 1.0 cm in diameter) and commonly are sur 
rounded with minerals that are oxidation products of the 
reduced phases (see the section entitled "Geochemical 
Reactants").

In summary, ground-water samples and petrographic 
data indicate that the Central Oklahoma aquifer has an oxic 
or postoxic redox environment. The most important redox- 
active species in the ground water are dissolved oxygen and 
nitrate. Most parts of the Central Oklahoma aquifer have 
oxic conditions. Postoxic conditions are present most com 
monly in the alluvium and terrace deposits and in or near 
the Chase, Council Grove, and Admire Groups. Postoxic 
conditions in the Garber Sandstone occur most commonly 
where the unit is confined by the Hennessey Group and in 
the deeper parts of the flow system where the unit is uncon- 
fined.

Sources of Water

The two major sources of the water in the aquifer are 
recharge from rainwater (see the section entitled "Geo- 
hydrology") and very ancient waters derived from seawater. 
Most of the water in the aquifer is derived from rainwater 
that recharges through the outcrop areas of the Garber Sand 
stone, the Wellington Formation, and the Chase, Council 
Grove, and Admire Groups. However, below the base of 
fresh ground water are brines, which are assumed to have 
once filled all the geologic units that make up the study unit. 
Some water in the study unit may be derived from the flow 
or dispersion of these brines from depth. Some relict brines 
also may enter the flow system from fluid inclusions or 
dead-end pore spaces within the study unit.

Recharge

The source of most of the water in the Central Okla 
homa aquifer is rainwater that recharges the aquifer through 
the outcrop areas. Evapotranspiration could concentrate the 
constituents of rainwater many fold before the water enters 
the saturated zone. To determine whether rainwater is a 
major source of the chemical constituents in ground water, 
the composition of rainwater and the estimated composition 
of rainwater after evapotranspiration were compared to the 
composition of recharge water.

Data on the chemical composition of rainwater were 
obtained from the National Atmospheric Deposition Pro 
gram (NADP) (National Atmospheric Deposition Program, 
1986) for a site a few miles southwest of the study unit. 
Great Plains Apiaries (latitude 34°58/48// , longitude 
97°31 / 16//, NADP site code 371740). The data included 92 
samples that were collected from April 1983 through Janu 
ary 1987. The suite of constituents analyzed included cal 
cium, magnesium, potassium, sodium, chloride, sulfate, 
ammonium, and nitrate. The volume-weighted concentra 
tions of chemical constituents over the period of record are 
listed in table 2. A rough estimate of the potential concen 
tration factor owing to evapotranspiration was calculated by 
taking rainfall (about 30-35 in/yr), subtracting the runoff 
(about 4-5 in/yr), and dividing by the recharge (about 1-2 
in/yr) (see section entitled "Evapotranspiration"). These cal 
culations give a range in concentration factor of from 13 to 
30. The concentration that would result from a twentyfold 
concentration of rainwater by evapotranspiration (assuming 
that water but no solutes are removed by the evapotranspira 
tion process) is listed in table 2.

The final column in table 2 is the median concentra 
tion of 32 water samples that are assumed to represent 
recent recharge. These samples had tritium concentrations 
of 30 pCi/L or more, which indicates that these ground 
waters are less than about 40 years old. Thus, rainwater 
chemistry is being compared to ground water that is derived
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Figure 13. Locations of wells with samples that indicate oxic and postoxic redox environments.
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Table 2. Compositions of rainwater and recharge waters

[All data are in milligrams per liter. Samples assumed to be recharge waters were from wells completed in the Permian geologic units and had 
tritium concentrations of greater than or equal to 30 picocuries per liter]

Constituent Concentration in rainwater Twentyfold concentration 
of rainwater

a Alkalinity data were not reported.
b Combined analysis of nitrite and nitrate species.

Median concentration of 
recharge waters

Calcium (as Ca) .......................
Magnesium (as Mg). ................
Potassium (as K).. ....................

Sodium (as Na) ........................
Alkalinity (as CaCO,). .............
Chloride (as Cl)... .....................

Sulfate (as SO4)... .....................
Phosphate (as P). ......................
Ammonium (as N) ...................

Nitrate (as N) ...........................

0.384
.043
.036

.141
u

.236

1.30
.0003
.208

.237

7.68
.87
.71

2.82
a.

4.74

26.0
.006

4.16

4.74

60
25

1.0

35.5
231

33.5

26.5
.01
.015

2.9b

from recent rainwater but may have undergone geochemical 
reactions for about 40 years or less.

Concentrations of chemical constituents in rainwater 
are very small relative to concentrations in recharge water; 
thus, rainwater cannot be an important source of chemical 
constituents unless evapotranspiration concentrates the con 
stituents. After a twentyfold increase in concentration by 
evapotranspiration, rainwater could account for 70 percent 
or more of the median concentrations of potassium, sulfate, 
phosphate, and nitrogen species in recharge waters. How 
ever, rainwater could be a major source of these chemical 
constituents only if they were concentrated substantially by 
evapotranspiration and were not removed by biological pro 
cesses. If the effective concentration factor were fivefold 
instead of twentyfold, then rainwater could not be an impor 
tant source of any constituents except the nitrogen species. 
Alkalinity analyses are not included in the NADP data, but 
the low pH values of the samples (volume weighted pH, 
4.8) indicate that alkalinity concentrations must be small 
even after concentration by evapotranspiration. The data 
(table 2) indicate that most of the calcium, magnesium, 
sodium, and chloride in recharge water is derived from 
sources other than rainwater. Rainwater is not a -major 
source of these constituents even if the effective concentra 
tion factor is greater than twentyfold.

Evapotranspiration can be divided conceptually into 
two components the physical process of evaporation and 
the biological processes associated with plants. The physi 
cal process of evaporation leaves a signature in the 6D [deu 
terium measurement relative to standard mean ocean water 
(SMOW)] and 618O (oxygen-18 measurement relative to 
SMOW) of a water mass. However, the effects of evapora

tion are not readily apparent in the §D and 6li!O data of this 
study (fig. 14). The isotopic composition of meteoric water 
is described by

SD = 86' «O + d,

where 8D and 618O are in per mil, and d is a constant. The 
mean global value for d is 10 per mil (Craig, 1961). The 
resistant line, which is a regression that is based on median 
rather than on mean values, with slope 8 that best fits the 
data has a d value of 12.1 per mil. Several of the water sam-

-20

-25

-30

13
CC ocuj -oo

111
Q
«5

-40

-45

Resistant line regression with a fixed 
slope of 8.0 is plotted, equation is 
8 Deuterium =88 18 Oxygen + 12.1

-7.5 -7.0 -6.5 -6.0 -5.5 -5.0 -4.5 -4.0 -3.5 
818 OXYGEN, IN PER MIL

Figure 14. Relation between deuterium and oxygen-18 for water 
samples from the Central Oklahoma aquifer.
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Figure 15. Concentrations of major ions relative to chloride in brines that underlie the Central Oklahoma aquifer.

pies with 8 l8O concentrations of greater than about -5.5 per 
mil are below this line, which is the tendency expected from 
evaporation or from mixing with water that has a different 
isotopic composition. Thus, the samples below the line may 
be an indication of evaporation affecting the isotopic com 
position. However, only a few of the data points are outside 
the range of scatter evident in samples that have 8 l8O values 
of less than -5.5 per mil. Of the six points that are farthest 
below the line, four were from test holes where samples 
could be potentially contaminated by drilling fluid. Most of 
the observations can be explained as water derived from a 
meteoric source with little alteration of the isotopic signa 
ture by evaporation.

In summary, the 8D and S l8O data indicate that rain 
water that recharges the aquifer is not concentrated substan 
tially by the physical process of evaporation. Evapotrans- 
piration through biological processes could substantially 
concentrate solutes in recharge water. To be consistent with 
the observations, these processes must not alter the isotopic 
signature of the recharge water. Rainwater could be a major 
source of potassium, sulfate, phosphate, or nitrate species in 
recharge water only if evapotranspiration concentrates these 
species by about a factor of 10 greater than rainwater con 
centrations. Rainwater is not a major source of calcium, 
magnesium, sodium, alkalinity, and chloride in recharge 
water whether or not evapotranspiration concentrates these 
species.

Brines

Chloride concentrations in the Central Oklahoma 
aquifer tend to be small (median concentration 24 mg/L; 
table 1). However, underlying the base of the fresh ground 
water are sodium chloride brines that have chloride concen 
trations as large as 240,000 mg/L (Wright and others, 1957). 
These brines or remnants of these brines can affect the 
chemical composition of the freshwater. At the base of the 
freshwater flow system is a transition zone where freshwa 
ter and brines are mixed by diffusion or dispersion. In addi 
tion, some relict brines may be released slowly to ground 
water from dead-end pores or fluid inclusions within the 
freshwater flow system. This section examines brine com 
positions in the geologic units that underlie the Central 
Oklahoma aquifer. Subsequently, the brines discussed here 
will be used in mass-balance modeling of the chemical evo 
lution of ground water within the aquifer.

Selected chemical analyses of brines from Wright and 
others (1957) and data from other sources were tabulated by 
Parkhurst and Christenson (1987). Analyses of 511 samples 
from wells completed in the study area were obtained from 
computer records of the Parkhurst and Christenson (1987) 
study. The analyses with chloride concentrations of greater 
than 0.1 M (fig. 15) were sorted on chloride and smoothed 
with a 21-point running median. The smoothed data elimi 
nate most of the scatter and show some basic trends in the 
brine data. Sodium is the dominant cation in these waters.
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Figure 16. Relation between chloride and bromide in brine samples from geologic units in the vicinity of 
the Central Oklahoma aquifer and in water samples from the aquifer.

At the largest chloride concentrations, calcium concentra 
tions are about a factor of 10 less than sodium, and magne 
sium concentrations are about a factor of 3 less than 
calcium. Concentrations of sulfate and alkalinity are gener 
ally at least a factor of 20 smaller than chloride for the data 
plotted. However, sulfate concentrations are extremely vari 
able and range from less than 1 to greater than 10 mmol/L 
throughout the entire range of chloride concentrations.

For each constituent, a dilution curve is plotted in 
figure 15. The dilution curves show the expected concentra 
tions of species if a concentrated brine with the composition 
of the right-most points on the figure is diluted by a fresh 
water with the median recharge-water composition listed in 
table 2. Sodium concentrations are close to the concentra 
tions expected from dilution. Calcium and magnesium con 
centrations tend to be slightly less than the dilution 
concentrations at chloride concentrations of less than about 
3 M. The alkalinity data are variable but generally follow 
the dilution curve. Sulfate concentrations tend to be greater 
than the concentrations expected from dilution, which indi 
cates an additional source of sulfate.

Saturation indices for halite and gypsum were calcu 
lated for the analyses with chloride concentrations of 
greater than 0.1 M by using PHRQPITZ (Plummer and others, 
1988). Water in contact with halite or gypsum is assumed to 
reach saturation quickly or to dissolve the available mineral. 
Halite is near saturation (saturation index of 0.0) only in a

few of the most concentrated brines. The paucity of data 
near halite saturation indicates that halite is not present in 
the geologic units in sufficient quantities to maintain its sat 
uration. Gypsum is near saturation in some of the more-con 
centrated brines and occasionally in the less-concentrated 
brines. Thus, gypsum may exist in some geologic units 
below the Central Oklahoma aquifer.

The relation between chloride and bromide is an 
important clue to the origin of the brines that underlie the 
aquifer. Brines that evolved from seawater by evaporation 
maintain a linear relation between chloride and bromide up 
to the point of halite precipitation (break in slope of line on 
fig. 16). During halite precipitation, the bromide concentra 
tions increase more rapidly than chloride concentrations 
(Carpenter, 1978), which results in an increased bromide to 
chloride ratio relative to seawater. The composition of 
brines from below the Central Oklahoma aquifer, as well as 
some data from wells near but outside the study unit, also 
are plotted in figure 16. The brine data are near the path of 
seawater evaporation, and many data plot near the point 
where halite precipitation begins. Processes other than 
evaporation may have modified the brine compositions, but 
the data are close enough to the anticipated path to indicate 
that the brines have evolved from seawater.

Data from the freshwater flow system of the Central 
Oklahoma aquifer (all samples were from wells that were 
less than 1,000ft deep) also are plotted in figure 16. Most
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samples with chloride concentrations of less than 1,000 
mg/L plot to the right of the solid line, which indicates a 
larger bromide-to-chloride ratio than seawater. The most 
plausible explanation for the large bromide to chloride 
ratios is that the bromide and chloride concentrations in the 
aquifer are derived from a mixture of freshwater and a small 
quantity of brine that has a larger bromide-to-chloride ratio 
than seawater because of halite precipitation.

In summary, brines derived from seawater by evapo 
ration and other processes are in the geologic units below 
the Central Oklahoma aquifer. The evaporation proceeded 
to the point where halite precipitated, which resulted in 
some bromide-to-chloride ratios that are greater than the 
seawater ratio. However, halite is not in contact with most 
of the brines, as indicated by halite saturation indices. Gyp 
sum may be present in a few locations within these geologic 
units. Dispersive mixing of a freshwater with concentrated 
brines is sufficient to account for the trends in calcium, 
magnesium, sodium, chloride, and, perhaps, alkalinity con 
centrations in the samples from these geologic units below 
the Central Oklahoma aquifer. Other geochemical reactions 
(probably the dissolution of locally present gypsum) seem 
to control the sulfate concentrations in these geologic units. 
Above these units, in the Central Oklahoma aquifer, the bro 
mide-to-chloride ratios are generally greater than or equal to 
the seawater ratio, which is consistent with a seawater- 
derived brine source for these two elements within the aqui 
fer.

Geochemical Reactants

Variations in the composition of ground water result 
from reactions with the minerals and gases that the water 
contacts. This section discusses the minerals in the Central 
Oklahoma aquifer and indicates, where possible, whether 
these minerals are dissolving or precipitating. Several types 
of evidence are used to identify the reactive minerals in the 
system, which include petrographic and mineralogic obser 
vations of aquifer material obtained from cores, stable iso 
tope compositions of carbonate minerals, and saturation 
indices calculated from the chemical compositions of 
ground-water samples. The information about the reactive 
minerals will be used to constrain mass-balance models that 
account for the evolution of water chemistry in the aquifer.

Rock samples from the aquifer were obtained from 
eight test holes that were cored as part of the NAWQA study 
(Schlottmann and Funkhouser, 1991). The widely spaced 
test holes (fig. 17) intersected the Hennessey Group (test 
hole 7), the Wellington Formation (test hole 4), the Garber 
Sandstone (test holes la, 3, 4, 6,7a), and the Chase, Council 
Grove, and Admire Groups (test holes 2, 5). Samples from 
these cores were analyzed chemically (Mosier and others, 
1990) and mineralogically and petrographically (Breit and 
others, 1990).

Methods

Analytical methods used to identify and describe 
solid constituents of Permian rocks in the aquifer are listed 
in Breit and others (1990). The quantities of major rock- 
forming minerals were estimated by using semiquantitative 
X-ray diffraction. This technique was used to compare the 
peak areas of samples with areas of standards that were 
composed of quartz, albite, illite, chlorite, calcite, dolomite, 
and hematite. Summary results of these analyses are listed 
in table 3. Additional compositional data were collected by 
point counting thin sections of aquifer sandstones for voids 
and major authigenic constituents (table 4). Optical micros 
copy and scanning electron microscopy (SEM) were used to 
define paragenesis, to examine mineral surfaces, and to 
evaluate textural variations.

The mineralogy of the clay-sized, less than 2-\im 
component was evaluated by X-ray diffraction of oriented 
mounts. The less than 0.5-p.m fraction also was analyzed for 
some samples and was determined to contain the same min 
erals as the less than 2-p.m fraction. The clay-sized fractions 
were physically separated by centrifugation, and selected 
samples were saturated with sodium, potassium, or magne 
sium prior to analysis; saturation with these ions aided in 
identification of mixed-layer clays. All less than 2-\\.m sam 
ples were scanned after saturation with ethylene glycol; a 
few also were scanned after they were treated with glycerol 
or heated to 425°C. Cation-exchange capacities of untreated 
clay-sized separates were evaluated by treatment with 0.1 M 
strontium chloride by using the procedure of B.F. Jones 
(USGS, oral commun., 1989). The quantities of calcium, 
magnesium, potassium, and sodium exchanged from the 
clays was determined by atomic absorption spectrophotom- 
etry (see table 6).

The SI3C [carbon-13 measurement relative to a stan 
dard, which was a belemnite taken from the Late Cretaceous 
Peedee Formation, referred to as "Peedee belemnite," 
(PDB)] and 8ISO of petrographically characterized carbon 
ate mineral cements, nodules, and clasts were analyzed 
according to the timed phosphoric acid dissolution proce 
dure of Walters, Claypool and Chouquette (1972) (table 5). 
This technique separates CO2 that was derived from calcite 
and dolomite by using the relative rates that these minerals 
react. Precisions for the analyses are estimated to be ±0.1 
per mil for 813C and ±0.05 per mil for 8 I8O.

Saturation indices were calculated for all water sam 
ples collected during the study that were analyzed for a 
complete suite of major ions and pH. The program PHREEQE 
(Parkhurst, Thorstenson, and Plummer, 1980) was used to 
calculate the indices by using the tabulation of Nordstrom 
and others (1990) as the primary source of thermodynamic 
data. Boxplots of saturation indices (fig. 18) were generated 
for the minerals of interest. In calculating the percentiles 
used in the boxplots, a single sample was selected to repre 
sent each well or each sampling depth of a well in the case
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the Central Oklahoma aquifer.
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Table 3. Average abundances of minerals in test-hole cores estimated by whole-rock X-ray diffraction

[All abundances are presented as weight percent. Samples in which the abundance of a constituent was less than the detection limit were assigned 
an abundance of 0 weight percent. All data includes sandstone, mudstone, siltstones, conglomerates, and lithologically mixed samples]

Average of all data

Test hole

Quartz. ...........
Plagioclase.... 
Dolomite.......
Calcite.. ...... ...
Kaolinite.. ......
Hematite........
Hike....... ....... .

Total..............

Number of 
samples.

1a

57 
2 
3 
0 
5 
4 

28

99

26

2

46

3 

2 

0 

7 

5 

35

98

21

3

55 
2 
7 
0 
3 
1 

30

98

22

4

63 
0 
0 
0 
4 
6 

27

100

25

5

49
2 
2 
0 
4 
5 

42

104

21

6

71 
2 
3 
2 
3 
3 

18

102

36

7

41

5 
7 
0 
2 
2 

41

98

16

7a

69
2
2
0
2 
3 

24

102

29

Average of sandstone samples

Test hole

Plagioclase.... 
Dolomite.......
Calcite...........
Kaolinite........

Hike... ........... .

Total..............

Number of 
samples.

1a

71 

3 

4 

0 

5 

3 

16

102

17

2

72 

4 

1 

0 

6 

4 

17

104

8

3

79 
3 
3 
0 
3 
1 
9

98

11

4

82 
0 
0 
0 
4 
2 

10

98

15

5

68 
4 
1 
0
5 
3 

22

103

11

6

83 
2 
3 
1 
2 
3 
8

102

25

7

58 
8
7
0 
oz.

2 

22

99

4

7a

78 
2 
2 
0
2
3 

15

102

21

Average of mudstone and siltstone samples

Test hole

Quartz............
Plagioclase.... 
Dolomite.......
Calcite...........
Kaolinite........ 
Hematite........ 
Hike...............

Total ..............

Number of 
samples.

la

28 

1 

2 

0 

4 

5 

52

92

7

2

26 
0 
1 
0
7 
6

52

92

9

3

28 
2 
7 
0 
2 
1 

57

97

9

4

34 
0 
0 
0 
4 
8 

57

102

9

5

25 

1 

1 

0 

3 

9 

68

107

7

6

38
2 
4 
2 
3 
2 

53

104

7

7

36 
4 
4 
0 
1 
3 

49

97

11

7a

39
2 
2 
0 
2 
3 

54

100

5
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Table 4. Mean volume abundances of voids and major authigenic components of sandstones determined from point- 
count data

[Data are presented in volume percent. Values in parentheses are standard deviations, - indicates standard deviation not calculated because of 
insufficient data. No sandstone samples from test-hole 7 were point-counted]

Test-hole 
number

la 
2 
3 
4 
5 
6 
7a

Voids Hematite Kaolinite

23 (8) 5 (6) 1 
17 (12) 4 (5) <1 
22 (11) 5 (6) <1 
23 (9) 3 (4) 1 
20 (7) 2 (2) 1 
30 (10) 2 (3) <1 
21 (13) 2 (3) <1

(I) 
(--) 
(--) 

(1) 
(1) 
(--) 
(--)

Table 5. Carbon-1 3 and oxygen-1 8 of carbonate minerals

[Data units are per mil: 8 I8O. oxygen-18 measurement relative to standard mean ocean water; 6 I3C, 
belemnite; na, not analyzed]

Test-hole 
number

la 

la 

la 

la

2

2 

3 

3 

3 

3

4 

5 

6 

6 

6

6

7 

7 

7a 

7a

Depth, 
in feet

161.5 

211.7 

211.7 

243.2 

183.5

240.5 

113.9 

123.0 

124.0 

182.7

118.0 

234.2 

124.8 

184.2 

494.8

560.6 

59.0 

94.5 

381.0 

598.0

Sample description

Sparry calcite. .......................................

Micritic dolomite nodule......................

Sparry dolomite from nodule ...............

Sparry dolomite cement........................

Sparry dolomite from clast. ..................

Micritic dolomite clast .........................

Sparry calcite. .......................................

Sparry dolomite ....................................

............ do. ...........................................

Micritic dolomite cement .....................

Sparry dolomite cement........................

Micritic dolomite clasts. .......................

Sparry dolomite and calcite.... ..............

Sparry calcite cement ...........................

Sparry dolomite cement........................

Micritic dolomite clast .........................

Dolomite cement ..................................

............ do............................................

Sparry dolomite cement... .....................

Sparry calcite cement ...........................

Dolomite

1 (3) 
1 (2) 
3 (6) 

<1 (--) 
2 (4) 
5 (9) 
5 (12)

Calcite

<1 

<1 

<1 

<1 

<1 

1 

<1

(--) 
(-) 
(--) 
(--) 
(--) 

(2) 
(--)

, carbon-13 measurement relative to Peedee

Calcite

813C

.......... -8.87

.......... na

.......... na

.......... na

.......... na

.......... na

.......... -7.84

.......... na

.......... na

na

.......... na

.......... na

.......... -8.53

.......... -8.14

.......... na

.......... na

.......... na

.......... na

.......... na

.......... -8.86

8180

26.17 

na 

na 

na 

na

na 

25.62 

na 

na 

na

na 

na 

29.62 

26.11 

na

na 

na 

na 

na 

25.81

Dolomite

813C

na 

-8.22 

-9.51 

-9.22 

-11.37

-8.81 

na 

-8.37 

-8.46 

-8.60

-15.76 

-9.05 

-9.03 

na 

-9.12

-8.67 

-5.18 

-4.72 

-8.33 

na

8180

na 

33.95 

30.95 

31.14 

31.81

31.98 

na 

32.30 

31.98 

31.73

33.01 

31.06 

40.39 

na 

31.27

31.86 

31.50 

31.32 

31.73 

na
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Table 6. Results of cation-exchange determinations of clay-sized core material

[ft, feet. Element abundances are expressed as milliequivalents per 100 grams of sample. All samples are less than 2-micrometers size fraction. 
Na, sodium; K, potassium; Ca, calcium; Mg, magnesium; Sr, strontium. Total is the sum of exchangeable ions. Strontium recovered refers to the 
quantity of strontium exchanged with other ions during the cation exchange procedure. The quantity of strontium recovered should approximately 
equal the total of the exchanged ions if ion exchange were the only source of measured sodium, potassium, magnesium, and calciuml

Test-hole 
number

la.......
la.......
la.......

la. ......

2

3.........

3.........

4.........

4.........

5

5.........

5.........

6.........

6. ...... ..

7

1. ........

la. ......

la

Depth
(ft)

33.4

.. 196.1-202

.. 212.9-234.5

.. 259.1-268

99.5-106.5

.. 136.0-141

.. 183.2-190.0

.. 152.3-157.5

.. 227.8-240.3

21.9-23

.. 126.0-130

.. 189.0-194

.. 320.0-325

.. 573.0-585.7

52.7-54.5

.. 170.0-179.9

.. 381.1-394.6

599.0-600.3

Sample description

Sandstone ...........................
Mudstone. ......... ..................
Sandstone............ .............

............... do. ......................

............... do. ......................

Mudstone............................
Sandstone ...........................

...............do. ......................

Claystone.. ..........................
Sandstone...........................

Mudstone.......... ..................

Sandstone ...........................
............... do. ......................
............... do. ......................

Siltstone.... ..........................

Mudstone+siltstone ............
Mudstone............................

Sandstone ...........................

N;

0.

9.
"i

\.

4.

4.

2.

...... 21

2.
3.

1.
4.

a

2

7

4

8

4

7

1

1

1

33

8

3

8

6

3

5

3

f

2,

2.

1.

1.

2,

3.

2

2.

2.

2.

2.

1.

1.

1.

1.

1.

1.

1

C

.0

8

.3

6

.1

.1

.0

.3

.3

.6

.0

.4

.0

,1

,4

.6

,8

.6

Ca

23

20

21

16

14

40

17

19

18

11

14

17

19

17

19

20

16

12

Mg

14

15

7.0

10

9.2

40

15

19

16

20

8.0

13

15

6.8

16

14

11

7.6

Total

39

48

32

29

30

88

36

40

37

34

44

3!

35

27

40

37

33

22

Sr 
recovered

36

46

25

26

27

86

33

33

37

30

38

29

33

28

29

29

35

29

of multiple-sample test holes. The results are presented for 
the following seven parts of the study unit:
  The alluvium and terrace deposits
  The Hennessey Group
  The Garber Sandstone and Wellington Formation

  Shallow, unconfined (depths of less than or equal to 300 
ft)

  Deep, unconfined (depths of greater than 300 ft)
  Shallow, confined (depths of less than or equal to 300 ft)
  Deep, confined (depths of greater than 300 ft)

  The Chase, Council Grove, and Admire Groups.

Results

Quartz and clay minerals are the major detrital con 
stituents of Permian rocks within the aquifer. Illite-rich 
clays are the most abundant clay minerals and compose 
about 30 percent of the rock sampled. Other detrital phases 
include minor quantities of plagioclase, potassium feldspar, 
muscovite, biotite, chlorite, dolostone. chert, metamorphic 
rock fragments, and trace quantities of heavy minerals. The 
rock-forming minerals of the Hennessey Group, the Garber

Sandstone, the Wellington Formation, and the Chase, Coun 
cil Grove, and Admire Groups are similar, although the rela 
tive abundances of the minerals vary slightly among and 
within these rock units. Most notable among the composi 
tional variations is the lack of chlorite, dolomite, and pla 
gioclase in rocks from test hole 4.

Sandstones in the aquifer are very fine to medium 
and well to poorly sorted. According to the classifica 
tion scheme of Folk (1980), these rocks are mainly sub- 
litharenites with an abundant clay matrix. Total porosity 
locally exceeds 30 percent, and most detrital grains contact 
adjacent grains at points or smooth edges, which is consis 
tent with a shallow depth of maximum burial (less than 1 
mi; Johnson, 1989). The shapes of oversized pores and 
relict grain boundaries within some sandstones indicate the 
pores formed by dissolution of detrital and authigenic min 
erals (fig. 19A).

Recognized authigenic constituents of the aquifer 
include barite, calcite, dolomite, goethite, hematite, kaolin- 
ite, manganese oxides, and quartz overgrowths. These min 
erals form pore-filling cements and replace or thinly coat 
detrital grains. Estimates of the abundance of the most
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Figure 18. Boxplots of saturation indices for selected minerals calculated for water samples from geohydrologic units 
within the Central Oklahoma aquifer study unit.
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common authigenic constituents in sandstones are listed in 
table 4.

Illite, illite-smectite, chlorite, chlorite-smectite, kao- 
linite, smectite, hematite, and goethite were detected in the 
clay-sized fraction. No consistent variations in the clay min 
eralogy were detected between sandstones and mudstones. 
A few samples from test holes 2 through 5 were distin 
guished by the large quantities of smectite interlayers with 
illite (vermiculite/smectite of Breit and others, 1990) and 
the small contents of chlorite and illitic material. These dis 
tinctive clay minerals most likely formed by weathering at 
the time these Permian sediments were deposited.

Within dispersed green zones in some otherwise red 
rocks are small accumulations of minerals that are rare 
within the aquifer. Among the minerals detected are claust- 
halite (PbSe), native selenium (Se), pyrite (FeS2), haggite 
[V2O4(OH)3], volborthite (Cu3VO4 -3H2O), and metatyuya- 
munite [Ca(UO2)2 (VO4)2 -H2O]. These local accumulations, 
which are referred to as "reduction spots" because of the 
low oxidation state of the metals (Hofmann, 1990), were 
seen in core from most of the test holes.

The aquifer materials are discussed now with special 
emphasis on determining the reactant and product phases in 
the present geochemical environment.

Carbon Dioxide

The log of the calculated partial pressure of carbon 
dioxide (pCO2) ranges from  1.5 to  2.0 for shallow sam 
ples. This pCO2 for ground waters is greater than atmo 
spheric, which is -3.5, but is similar to the pCO2 in 
unsaturated soil zones (Drever, 1982, p. 140). Therefore, the 
pCO2 in the shallow ground water is consistent with an 
unsaturated-zone source of carbon dioxide. Values of pCO2 
tend to be less than or equal to -3.0 for the deep, confined 
Garber Sandstone and Wellington Formation and for the 
Chase, Council Grove, and Admire Groups. Values of pCO2 
in the deep unconfined Garber Sandstone and Wellington 
Formation, which are intermediate, range from -2.0 to -3.0.

Dolomite

Dolomite occurs as micritic nodules and clasts; sparry 
cements, which are locally poikilotopic; and rare patches of 
micritic cement. The nodules are as large as 5 cm and typi 
cally are found in mudstones and siltstones. Local aggre 
gates of reworked nodules form dolostone conglomerates. 
Sparry dolomite is common as a sandstone cement, 
although euhedral dolomite crystals were detected in some 
mudstones and siltstones. The 6I8O composition of all forms 
of dolomite is similar (table 5) and in the range expected if 
dolomite precipitated from seawater.

Textures characteristic of dissolution are typical of 
dolomite in most sandstones. Physically discontinuous areas 
of dolomite cement that are visible in thin section are opti 
cally continuous and indicate that the intervening voids

once were filled with dolomite. Dolomite cement in some 
samples has well-formed rhombohedral outlines, others are 
irregular, which is indicative of embayment by dissolution 
(figs. 19B,C; 20A). Etch pits are detected by SEM on the 
surfaces of some dolomite cements, but similar cements in 
other samples have smooth surfaces. The distribution of 
these contrasting textures among the cores indicates dolo 
mite has dissolved in most shallow samples and in some 
sandstones from deeper parts of the aquifer.

Saturation indices of dolomite are substantially less 
than zero in nearly one-half of the samples from wells in the 
alluvium and terrace deposits and the shallow, unconfined 
Garber Sandstone and Wellington Formation. Saturation 
indices for dolomite generally are greater than or equal to 
zero for samples from the Hennessey Group; the Chase, 
Council Grove, and Admire Groups; and the deep and con 
fined parts of the Garber Sandstone and Wellington Forma 
tion. For those samples that are supersaturated with 
dolomite, calculated supersaturations could be caused by 
degassing of carbon dioxide during the sampling process. 
Alternatively, dissolution of silicate minerals could produce 
supersaturation of dolomite by increasing either pH or the 
concentration of calcium or magnesium. At supersaturation, 
dolomite cannot dissolve. For those samples that are near 
saturation with dolomite, it is thermodynamically possible 
for dolomite to precipitate; however, precipitation is 
unlikely at the temperature, pressure, and chemical condi 
tions that currently exist in the aquifer (Drever, 1982, p. 53). 
Thus, the petrographic data and saturation indices indicate 
that in the shallow parts of the aquifer, dolomite is dissolv 
ing, but in the deeper parts of the aquifer, dolomite is either 
stable or dissolving to a lesser extent.

Calcite

Calcite is a minor cement in sandstones and some 
mudstones. In sandstones, it fills pores and surrounds detri- 
tal sand grains as a poikilotopic cement. If large areas 
within sandstone are cemented with calcite, then the 
cements have circular outlines in thin section and can con 
tain as many as 50 adjacent detrital grains. Contacts 
between calcite and dolomite are smooth and do not clearly 
indicate dedolomitization. However, paragenetic relations 
with other minerals indicate that calcite formed after most 
authigenic phases. Calcite cement in shallow samples com 
monly is embayed and pitted, and optically continuous 
patches are interrupted by dissolution voids (fig. 19D).

The 6I3C values of calcite are very similar to values 
measured for dolomite (table 5) and dissolved carbonate 
species in modern ground water (table 1). However, the 
SI8O values of the calcite are substantially less than those 
measured for dolomite, which indicates that calcite formed 
from a water with a 6 18O value different from that from 
which dolomite formed. On the basis of the fractionation 
factor presented in Friedman and O'Neil (1977), the calcite
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formed from water in which 8 1XO ranged from -3 to -4.5 
per mil, if temperatures in the aquifer are assumed to have 
been about 16°C (present average temperature). This value 
suggests that calcite is not in isotopic equilibrium with mod 
ern ground water and probably formed from a different 
meteoric water.

Saturation indices for calcite are very similar to those 
for dolomite. Undersaturation is observed commonly in the 
shallow parts of the study unit, and saturation or supersatu- 
ration is observed in the deep and confined parts of the aqui 
fer. Saturation indices and petrographic data indicate that 
calcite is dissolving in the shallow part of the aquifer. As 
with dolomite, supersaturations in the deep and confined 
parts of the aquifer could be the result of degassing of car 
bon dioxide as the samples were pumped to the land sur 
face. Unlike dolomite, calcite precipitation in the aquifer is 
plausible; however textural evidence and isotopic data from 
the test-hole samples are inconsistent with precipitation. 
Given the possibility of supersaturations because of degas 
sing of carbon dioxide during sampling, the textural and iso 
topic evidence that indicates calcite is stable or dissolving in 
the deep and confined parts of the aquifer is considered to 
be more conclusive.

Authigenic Iron Oxides

Hematite and goethite are common authigenic miner 
als in sandstones and mudstones. Rocks stained and 
cemented by iron oxides have complex geometries and vari 
ations in color that resulted from redistribution of iron. 
These variations include dark-purple rims of hematite that 
surround burrows, pseudorhombic aggregates of hematite 
within sparry dolomite, Liesegang bands, disseminated pur 
ple pore fillings, and dark-red zones between the contacts of 
red and green rock. The textures are mainly the result of 
conditions during deposition and burial of the Permian 
rocks; however some textures may reflect modern alter 
ation.

Hematite within the aquifer is present in a range of 
concentrations and grain sizes, which is consistent with the 
color variations of the aquifer material. It is absent in green 
sandstones and mudstones, but concentrations as large as 20 
weight percent were detected in one conglomerate (Breit 
and others, 1990). The pervasive red color of sandstones 
and mudstones is the result of submicroscopic disseminated 
hematite. In contrast, dark-purple rocks contain hematite 
plates tens of micrometers long that commonly form spheri 
cal aggregates. Intergrown plates as thick as several 
micrometers are particularly common adjacent to burrows 
and root traces.

Goethite is abundant locally, particularly in yellow- 
brown sandstones. Mudstone clasts in some conglomerates 
also are rimmed by yellow-brown iron oxides that are com 
posed at least partly of goethite. Sandstones with large con 
tents of yellow-brown iron oxides notably are void of

carbonate cements. Several clay-sized separates contain 
detectable goethite in rocks that are pervasively red. This 
indicates that goethite is common but in such low concen 
trations that it is not readily visible within some red parts of 
the aquifer. Goethite in sandstones is one of the youngest 
authigenic minerals of the aquifer. It typically coats other 
authigenic minerals, which include kaolinite, and forms 
radiating acicular overgrowths on hematite. Saturation indi 
ces for goethite and hematite cannot be calculated because 
of the inability to determine the ferric iron concentrations 
from the available data. However, the oxidizing conditions 
of the ground water and leaching of iron from altering sili 
cate minerals are consistent with petrographic observations 
that indicate iron oxides are forming within the aquifer.

Manganese Oxides

Manganese oxides form black, sooty dendrites; pore- 
filling cement; and box-work relicts after dolomite. By 
using X-ray diffraction analysis, todorokite and romane- 
chite were identified in manganese oxide cement from an 
outcrop siltstone; other manganese oxide minerals may be 
present in other samples. Some of the manganese oxides 
form by oxidation of manganese released during the disso 
lution of dolomite. Chemical analyses of dolomite nodules 
measured manganese concentrations of nearly 1 weight per 
cent. The generally oxidizing conditions in the ground water 
are consistent with the precipitation of manganese oxides. 
Saturation indices for manganese oxides were not calcu 
lated because of the inability to define precisely the redox 
conditions at specific sample sites.

Barite

Barite was seen in three test-hole samples as elon 
gated, clear prisms and pore-filling cement. Although rock 
in the aquifer is known for barite roses (Ham and Merritt, 
1944), no massive barite cement, which is characteristic of 
the roses, was detected in the test-hole cores. Sulfur-isotope 
analyses of two barite roses that were collected from out 
crop have 834S [sulfur-34 measurement relative to a stan 
dard, which is an iron sulfide mineral from a meteorite, 
referred to as "Canon Diablo troilite" (CDT)] values that 
range from +12.8 to +16.9 per mil. These values are much 
larger than the 534S of dissolved sulfate in the ground water 
(table 1). Although barite saturation indices are consistently 
slightly greater than zero, which indicates saturation or 
supersaturation, the sulfur isotope composition of exposed 
barite roses suggests that they did not precipitate from mod 
ern ground water.

Gypsum

Gypsum was not detected by X-ray diffraction or 
optical microscopy in any of the samples. Although not 
detected within our sample set, beds of gypsum have been 
reported in the Hennessey Group within the study unit
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(D.D. Conway, written commun., 1991). Saturation indices 
indicate that gypsum is undersaturated in nearly all samples, 
which is consistent with the absence of gypsum in most of 
the aquifer. However, one sample in the deep, confined Gar- 
ber Sandstone and Wellington Formation and two samples 
from the Hennessey Group are near saturation. Celestite 
(SrSO4) saturation indices are similar to gypsum saturation 
indices.

Pyrite is another possible source of dissolved sulfate, 
but it is only a rare constituent of Permian rocks in the aqui 
fer and does not appear to contribute a large quantity of sul 
fate. In reactions that occur in the saturated zone, the 
quantity of pyrite that can be oxidized to form sulfate is lim 
ited by the quantity of dissolved oxygen in ground water. If 
all the oxygen in a typical ground water from the aquifer is 
used to oxidize pyrite, then less than 15 mg/L of sulfate is 
produced before all the oxygen is consumed. In addition, 
the sulfur-isotope composition of ground water is uniformly 
greater than 0 per mil, which is heavier than the composi 
tion that is expected from dissolution of sulfide minerals in 
most sedimentary rocks.

Feldspars

Detrital grains of sodic plagioclase, orthoclase, and 
microcline were detected in all test holes. Feldspars are best 
preserved in rocks that have an abundant clay matrix. In 
contrast, feldspars in sandstones are partially to extensively 
dissolved (figs. 19C: 20#,C); in places only discontinuous 
relicts of the original grains remain. Dissolution of plagio 
clase is particularly notable in samples from test hole 4, 
which contain only skeletal remnants. A few grains of 
potassium feldspar are surrounded and embayed by dolo 
mite. This texture indicates that some feldspar dissolution 
predates or is contemporaneous with precipitation of dolo 
mite cement. Other feldspar grains dissolved subsequent to 
precipitation of carbonate and iron oxide cements. Satura 
tion indices for feldspars and other aluminosilicates could 
not be evaluated because dissolved aluminum concentra 
tions were rarely greater than the minimum reporting levels. 
Multiple episodes of feldspar dissolution are indicated by 
the petrographic textures, some of which are consistent with 
modern dissolution.

Quartz

Approximately 60 percent of the framework grains in 
the aquifer are detrital quartz. Irregular grain outlines, 
which are consistent with replacement, are common to 
quartz grains surrounded by some hematite, manganese 
oxide, or dolomite cements. In contrast, small incipient 
quartz overgrowths are locally common (figs. 20#,D), 
although large overgrowths are rare. The overgrowths are 
common in sandstones that have large areas of void space 
and on grains cemented by calcite. These overgrowths 
occlude plates of hematite and commonly occur beneath

vermicular books of kaolinite. Faces and edges of the over 
growths are smooth and sharp. The saturation indices indi 
cate quartz is supersaturated in nearly all water samples. 
The supersaturation and the euhedral outline of quartz over 
growths are consistent with precipitation of quartz within 
the aquifer.

Detrital grains of chert were detected in several sam 
ples. The grains have been partially dissolved, and only 
ghost remnants of the original grains remain. These relict 
grains typically are marked by cross-cutting quartz veinlets 
and rims of quartz. Voids generated by the partial dissolu 
tion of chert grains have not been replaced by authigenic 
minerals, which indicates that some of the dissolution is 
recent. Saturation indices for chalcedony were used as an 
estimate of the stability of the chert. Chalcedony generally 
is supersaturated within the aquifer except in some deep 
ground-water samples. The chemical composition of the 
ground water and petrographic textures suggest that chert is 
dissolving within parts of the aquifer.

Kaolinite

Kaolinite occurs as large (greater than 100 |im in 
width) vermicular books that cross voids (figs. 19C; 20D), 
as random, finer grained pore-filling aggregates, and inter 
mixed with other clays in siltstones and mudstones. Kaolin 
ite is a minor component of many mudstones and siltstones, 
which indicates that some kaolinite was detrital or formed 
soon after deposition of the Permian sediments. The delicate 
textures of kaolinite in sandstones indicate that it is authi 
genic. Some sandstone voids that contain vermicular kaolin 
ite have dust rims; these rims suggest that the voids formed 
by dissolution of a detrital grain and that kaolinite is a 
replacement phase. Although kaolinite is common near dis 
solved feldspar grains, it rarely occurs within the original 
boundaries of those grains. Overgrowths of other clay min 
erals on kaolinite are absent. Angles and faces of the kaolin 
ite in sandstones are clean and sharp (fig. 20D). The 
euhedral shape of the vermicular kaolinite books and the 
association with quartz overgrowths indicate kaolinite is 
stable and may precipitate from modern ground water.

Chlorite

Delicate textures indicative of authigenic chlorite 
were not detected by SEM or optical microscopy. Therefore 
all chlorite in the aquifer is considered detrital. A few 
grains, as large as 200 |im, of metamorphic chlorite were 
detected, which suggests that some finer grained chlorite 
may be the result of abrasion. Chlorite is estimated to con 
stitute 10 percent of the clay-sized fraction in most rocks. 
Precise estimates of the relative clay abundance were not 
possible because of interferences from other clay minerals 
in the X-ray diffraction results. Chlorite-smectite also was 
detected in several samples and may have formed by the 
alteration of chlorite.
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Chlorite is absent in most samples from test hole 4 
and in the upper portion of test hole 3. In test hole 4, the 
small quantities of chlorite and the apparent removal of pla- 
gioclase and dolomite is consistent with more extensive dis 
solution of these unstable constituents at this location 
relative to similar rocks elsewhere in the aquifer. Although 
the timing of the removal of these minerals is not tightly 
constrained, dissolution of these minerals is consistent with 
the compositions of water samples from these test holes.

Illite-Smectite/lllite

Most of the clay-sized fraction of the core material 
comprises a mixture of illite, illite-smectite, and abraded 
muscovite. These minerals are grouped together because 
they are part of a continuum that has muscovite and smec 
tite as the two end members. The quantity of smectite in 
most illite-smectite is approximately 30 percent as esti 
mated by the techniques of Srodon (1984). This estimate of 
the amount of smectite interlayers is approximate because 
of interferences from other clay minerals. All illite-smectite 
examined by SEM lacks the delicate textures indicative of 
authigenesis. The stability of the clay could not be readily 
assessed on the basis of textures. However, the reported sta 
bility of illite (Reichenbach and Rich, 1975) in sedimentary 
rocks and weathering environments suggests that it is unre- 
active relative to other minerals in the aquifer.

Micas and Rock Fragments

Sand-sized grains of mica and rock fragments are 
minor detrital constituents of the aquifer and have been par 
tially to extensively altered. Muscovite grains typically have 
frayed terminations that have optical characteristics of ver- 
miculite in a few samples. Biotite typically has thick rims of 
iron oxides that obscure most of the grain. Metamorphic 
fragments of schist and phyllite have dissolved partially 
along foliations. Minor shale fragments typically are green 
in thin section and have thick iron oxide rims, which are 
analogous to those on biotite.

Cation-Exchange Capacity

The large quantity of expandable clays within the 
aquifer led to an assessment of the cation-exchange capacity 
(CEC) of the rocks. Clay-sized separates were analyzed to 
determine the relative quantities of calcium, magnesium, 
potassium, and sodium that are bound in exchangeable sites. 
Most CEC's ranged from 20 to 50 milliequivalents per 100 
grams (meq/lOOg) of clay (table 6). The average abundance 
of clay in the test holes is about 30 percent, therefore, the 
CEC for the aquifer ranges from about 6 to 20 meq/lOOg of 
rock. The relative quantities of exchangeable calcium, 
sodium, and magnesium vary among the samples analyzed. 
Calcium and magnesium combined are the dominant 
exchangeable cations in nearly all the samples. Clay sam 
ples from mudstones had the largest concentrations of

exchangeable sodium (4.5-21.0 meq/lOOg), and sodium 
accounted for as much as 50 percent of the exchangeable 
cations in these samples. Clay samples from sandstones had 
smaller concentrations of exchangeable sodium (0.1-4.4 
meq/lOOg) than from mudstones. Exchangeable sodium fre 
quently was less than 1 percent of the exchangeable cations 
in sandstone samples from the shallow parts of the aquifer; 
exchangeable sodium tended to be greater in sandstone 
samples from the deeper parts of the aquifer. Concentrations 
of exchangeable potassium were small and nearly constant 
for the clay samples that were analyzed.

Conclusions

Etch pits, dissolution voids, variations in the relative 
abundances of minerals, and saturation indices indicate that 
dolomite, calcite, sodic plagioclase, potassium feldspars, 
chlorite, rock fragments, and micas are dissolving within 
parts of the aquifer. Euhedral, smooth-faced kaolinite and 
quartz overgrowths are consistent with the reprecipitation of 
aluminum and silica derived from dissolving aluminosili- 
cate minerals. Although some water samples from deep 
within the aquifer have saturation indices that indicate dolo 
mite and calcite should precipitate, precipitation does not 
seem to occur. Precipitation of dolomite from freshwater at 
low temperatures is rare, and textural and isotopic data are 
inconsistent with substantial calcite precipitation. As much 
as 30 percent of the aquifer material is clay minerals. The 
composition of exchangeable cations bound to clay miner 
als varies within the aquifer, which indicates that cation- 
exchange reactions are occurring. Calcium and magnesium 
are the dominant exchangeable cations in the clay minerals. 
Exchangeable sodium is most abundant in mudstones. 
Sandstones from the deeper parts of the aquifer tend to have 
greater concentrations of exchangeable sodium than those 
from the shallow parts of the aquifer. Although most water 
samples are saturated with barite, little barite was detected 
during examination of the rocks. Gypsum is present locally 
within the study unit and may be the source of large concen 
trations of sulfate in some ground waters. Iron and manga 
nese are being leached from unstable silicates and 
carbonates; the iron precipitates as goethite and possibly 
hematite, and the manganese, as manganese oxides.

Geochemical Modeling

Geochemical mass-balance and geochemical reac 
tion-path models (henceforth referred to as "mass-balance 
models" and "reaction-path models") were used to deter 
mine geochemical reactions that account quantitatively for 
the observed water chemistry within the aquifer. A mass- 
balance model is a set of minerals that, when dissolved or 
precipitated in specified quantities, accounts for the change 
in composition between two ground waters. The quantities
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of minerals dissolved and precipitated are referred to as 
"mass transfers." The primary assumptions of mass-balance 
modeling are that the two water compositions are represen 
tative of waters along a single flow path and that the final 
water composition evolved from the initial water composi 
tion. Plausible mass-balance models account for the chemi 
cal differences between the two waters; in addition, they 
must be consistent with petrographic and isotopic data and 
saturation indices. Reaction-path models were used to esti 
mate the effects of reactions on the evolution of carbon iso 
topes. The mass-balance and reaction-path models in 
conjunction with carbon-14 data were used to estimate 
ground-water ages.

This section on geochemical modeling is divided into 
three subsections. In the first, the methods and data used in 
mass-balance and reaction-path modeling are described. In 
the second, mass-balance models are presented for eight 
ground-water samples that represent recent recharge to the 
aquifer. It is advantageous to model these samples sepa 
rately because dolomite can be identified as the predomi 
nant reactant for these ground waters. Also, it is possible to 
use these samples to investigate unsaturated-zone processes 
that affect the evolution of carbon-isotope compositions. In 
the third, mass-balance models are developed and ground- 
water ages are estimated for the remaining samples, all of 
which are near saturation or supersaturated with dolomite 
and calcite.

Methods

This section describes the computer models used to 
make the mass-balance and the reaction-path calculations, 
the set of reactants selected for inclusion in mass-balance 
modeling, and the samples used for mass-balance and reac 
tion-path modeling.

Computer Models

An extensively modified version of the program 
BALANCE (Parkhurst, Plummer, and Thorstenson, 1982) was 
used for the mass-balance modeling. The modified program 
calculated mass-balance models that accounted for changes 
in concentrations of elements between initial and final water 
compositions. The required input for the program included 
the stoichiometric compositions of reactants and products, 
an initial water composition, and a final water composition. 
The modified program allowed for uncertainty in the analyt 
ical data and for mineral reactants to be constrained to dis 
solve or precipitate (see "Appendix"). The modified 
program also used carbon-isotope data to calculate the iso 
topic evolution of 813C and carbon-14 and to estimate the 
carbon-14 age. Equations from Wigley, Plummer, and Pear- 
son (1978, 1979), as implemented in the program NETPATH 
(Plummer, Prestemon, and Parkhurst, 1991), were used to 
calculate the effects of mass-balance models on the carbon- 
isotope composition.

The program PHREEQE (Parkhurst, Thorstenson, and 
Plummer, 1980) was used to make the reaction-path calcula 
tions. The thermodynamic data included in PHREEQE, revi 
sion of August 1990, were used for all calculations.

Reactants Used in Mass-Balance Modeling

Mass-balance modeling requires the definition of all 
the potential reactants and products in the ground-water sys 
tem. The section entitled "Geochemical Reactants" above 
systematically evaluated the minerals and gases in the sub 
surface to determine whether each was reacting presently. 
The phases assumed to be reactive are listed with their sto- 
ichiometries in table 7. These reactants include carbon diox 
ide, calcite, dolomite, gypsum, kaolinite, silica, chlorite, 
potassium feldspar, sodic plagioclase, calcium/sodium 
exchange, and calcium-magnesium/sodium exchange. 
Sources and sinks for nitrate and ammonium also are 
included in table 7. The evaluation of the relation between 
chloride and bromide in brines and freshwater indicated that 
brines could be the source of chloride and bromide in the 
aquifer; therefore, the list includes a brine typical of the 
most concentrated solutions shown in figure 15.

The evaluation of petrographic data and saturation 
indices determined the minerals that appeared to be dissolv 
ing and precipitating within the aquifer. The mass-balance 
models need to be consistent with these determinations. For 
example, a mass-balance model is not plausible if a phase 
precipitates in the model when the saturation index indi 
cates undersaturation and dissolution textures are observed 
for this phase. Conclusions about dissolution and precipita 
tion of phases were formulated into constraints on mass-bal 
ance models (table 7). With a few exceptions noted in the 
text, the mass-balance models are consistent with the con 
straints listed in the table.

To simplify the mass-balance modeling, idealized 
mineral compositions were used, and some potential reac 
tants discussed in the section entitled "Geochemical Reac 
tants" were excluded. To limit the number of models, 
chlorite was included as a silicate source of magnesium, 
whereas biotite was excluded in the modeling. If biotite 
were included in the list of reactants, then additional models 
would indicate biotite dissolution instead of or in addition to 
chlorite dissolution. Thus, models that include chlorite rep 
resent additional models that include biotite. The effects of 
interchanging chlorite with biotite in mass-balance models 
are negligible in terms of the carbon-14 dating. Smectite 
was not included in mass-balance modeling because clearly 
authigenic smectite was not detected by petrographic study.

Iron and trace elements were not included in the mod 
eling. Iron was excluded partly because of uncertainties in 
the quantity present in various minerals. In addition, small 
iron concentrations in the ground waters of the Permian 
geologic units indicate that iron is conserved in the mineral 
phases; ferrous iron derived from dissolving silicate and
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carbonate minerals appears to oxidize to form goethite and 
hematite. The quantity of ferrous iron-bearing phases that 
react must be small because dissolved oxygen persists in the 
water throughout most of the aquifer; large quantities of fer 
rous iron from dissolving minerals would consume the 
available oxygen. No mineralogical evidence for the forma 
tion of ferrous phases has been found. Manganese was not 
included in the mass-balance modeling for reasons analo 
gous to those described for iron. Other trace elements were 
excluded because their small concentrations in ground 
water and rocks produce only small effects in the mass-bal 
ance modeling.

Ground-Water Samples Used for Geochemical Modeling

Initial and final water compositions are needed for 
mass-balance modeling. In this study, the final water com 
positions are the measured compositions of ground-water 
samples. The set of ground-water samples used in mass-bal 
ance modeling comprised 34 samples from wells in the Per 
mian geologic units for which 8 I3C and carbon-14 activity 
of dissolved inorganic carbon were analyzed. In addition, 
these samples were analyzed for major elements, some trace 
elements, tritium, 8D and S 18O of water, and 834S of sulfate 
(table 8). A complete listing of all data for these samples is 
included in Ferree and others (1992). The sampling loca 
tions for this set of samples are shown in figure 21, and 
information about the samples and wells is provided in 
table 9. Analyses of samples from two sites were omitted 
from this report because there were large discrepancies 
in tritium and major-element compositions in subsequent 
resampling. It was concluded that poor well construction 
precluded obtaining representative ground-water samples at 
these two sites.

Six of the first eight samples of table 8 are substan 
tially undersaturated with dolomite and calcite. These sam 
ples were used in reaction-path modeling to estimate the 
mass transfer of dolomite and calcite necessary to obtain 
equilibrium and to estimate the effects of this mass transfer 
on the carbon isotopes.

Mass-Balance Modeling of Recharge Samples

The first eight samples of table 8 are considered to be 
representative of recharge because they either have large tri 
tium concentrations and carbon-14 activities or are substan 
tially undersaturated with dolomite (saturation index of less 
than  1.0) and calcite (saturation index of less than  0.5). 
The tritium concentrations were greater than 25 pCi/L in all 
but one of these samples; the single sample that lacked mea 
surable tritium had carbon-14 activity of 70 pmc. The large 
tritium concentrations indicate water that is less than about 
40 years old, and carbon-14 activity of 70 pmc indicates a 
maximum age of about 3,000 years. The undersaturations 
with respect to dolomite and calcite indicate limited extents 
of geochemical reactions. These samples are from shallow

wells; the maximum depth of which is 240 ft. These young, 
shallow ground waters are referred to as the "recharge sam 
ples." The mass-balance modeling of these samples was 
designed to identify the geochemical reactions that occur 
from the time of infiltration of rainwater to the time water 
reaches a shallow well. Thus, saturated- and unsaturated- 
zone processes are included in the mass-balance modeling.

Reactants and Initial Water for Recharge Samples

The most important feature of the unsaturated zone is 
that carbon dioxide gas is available for uptake by water as it 
moves through the unsaturated zone. This carbon dioxide, 
in turn, can cause dissolution of minerals in the aquifer 
material. In addition to carbon dioxide gas, the other reac- 
tants in table 7 were used in modeling the recharge samples.

The characteristics of the recharge samples make it 
possible to identify dolomite as the predominant reactant. 
Carbonates are expected to react more quickly and to a 
greater extent than silicate minerals. Of the two major car 
bonate minerals, dolomite and calcite, dolomite is much 
more abundant in the aquifer (tables 3, 4). Calcite was 
sparse in the core samples examined by SEM, optical 
microscopy, and X-ray diffraction. Furthermore, six of the 
recharge samples are substantially undersaturated with 
dolomite and calcite. For these samples, two things can be 
assumed neither dolomite nor calcite have precipitated, 
and the ratios of the calcium and magnesium in solution are 
determined by the ratios of these elements in the mineral 
phases that are reacting. The concentrations of dissolved 
calcium are plotted against magnesium for all young ground 
waters that were undersaturated with dolomite and calcite 
(fig. 22). All samples from this study (not just the samples 
used for mass-balance modeling) were included in 
figure 22, provided they satisfied the following criteria:
  The saturation indices for dolomite and calcite were less 

than -0.5 and -0.25, respectively, which indicates 
undersaturation;

  The tritium concentrations were greater than lOpCi/L, 
which indicates ages less than about 40 years; and

  The samples were from the Permian geologic units. 
The concentrations of calcium relative to magnesium are 
only slightly greater than the 1-to-l ratio expected from 
dolomite dissolution (fig. 22). For other reactions to pro 
duce the results shown in figure 22, the relative rates of pla- 
gioclase or calcite (alternate calcium sources) and chlorite 
(alternate magnesium source) dissolution would have to be 
equal throughout the aquifer, which is unlikely. The lack of 
saturation with dolomite and calcite in the samples of the 
figure indicates that these waters are moving through parts 
of the aquifer in which dolomite and calcite are rare. The 
conclusion is that even in carbonate-depleted parts of the 
aquifer, dolomite, rather than calcite or silicates, is the pre 
dominant reactant in recharge.
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The initial water composition used for modeling the 
recharge samples is given in solution 1 of table 10. The 
composition was derived by a tenfold concentration of the 
composition of rainwater listed in table 2. Although ammo 
nium is a major component in rainwater, none of the 
recharge samples had substantial concentrations of ammo 
nium. The dissolved ammonium in the initial water was 
assumed to be converted to dissolved nitrate by reaction 
with oxygen in the unsaturated zone. The mass-balance 
models were used to calculate the additional gain or loss of 
nitrate that was necessary to account for the nitrate concen 
trations in the recharge samples.

Mass-Balance Models

The conceptual model for the mass-balance modeling 
of the recharge samples is that rainwater is concentrated ten 
fold by evapotranspiration, dissolves carbon dioxide from 
the unsaturated zone, and reacts with dolomite and other 
minerals to produce the chemical composition of each of the 
samples. Because dolomite is the predominant reactant in 
recharge, it was required to be in each mass-balance model. 
For each of the eight recharge samples, the mass-balance 
modeling determined all combinations of minerals that were 
minimal (see "Appendix"), included dolomite, satisfied the 
constraints of table 7, and accounted for the difference in 
composition between the initial water and the recharge sam 
ple.

Multiple mass-balance models were found for all 
eight recharge samples (table 11). All samples had three or 
more models; the maximum number of models for any sam 
ple was seven. Note that the models are only a set of end 
members, and other models that combine one or more of the 
end members also are possible. For example, any two mod 
els for a ground-water sample can be combined by adding 
one-half of the mass transfers of each model. The resulting 
model contains all the phases that were in either model and 
satisfies all the constraints used in the mass-balance model 
ing. The reactants are now discussed individually in the 
order in which they are listed in table 11.

Carbon dioxide. All mass-balance models indicate 
that a large quantity of carbon dioxide gas is taken up by 
water as it moves through the unsaturated zone. The mass 
transfer of carbon dioxide gas into solution generally ranges 
from 2.0 to 4.5 mmol/L.

Dolomite. Dolomite was required to be in each 
model. Generally, the mass transfer of dolomite ranges from 
0.3 to 1.0 mmol/L and is the largest mass transfer of any 
phase except carbon dioxide gas. Some models have larger 
mass transfers of plagioclase than dolomite [models 5, 5, 5, 
5, 3, 7 of samples 1, 2, 3, 5, 6, 7, respectively (table 11)]. 
These models are inconsistent with the previous conclusion 
that dolomite is the predominant reactant. Calcite is 
included in only five models. In each of these models, the

mass transfer of dolomite is greater than that of calcite, 
which is consistent with figure 22.

Kaolinite. Kaolinite precipitation is necessary in 
most of the mass-balance models. It was the only mineral 
that contained aluminum that was not constrained to dis 
solve. Because dissolved-aluminum concentrations are very 
small, these constraints required any aluminum derived 
from alumino-silicate dissolution to precipitate in kao- 
linite. Generally, the models precipitate from -0.05 to 
-0.2 mmol/L of kaolinite.

Silica. Two or more phases of varying stability may 
be represented by the reactant silica (SiO2 ). In table 11, 
SiO2 dissolves in some models, precipitates in others, and 
does not react in the rest. In the models with positive mass 
transfers of SiO2 , SiO2 is the predominant source of dis 
solved silica. However, quartz and chalcedony are supersat 
urated in all the recharge samples. Thus, the models with 
positive mass transfers of SiO2 require dissolution of an 
unstable phase a phase less stable than chalcedony. It is 
unlikely that such an unstable phase has persisted for mil 
lions of years in the aquifer. It is more likely that dissolved 
silica is derived from dissolution of other aluminosilicates 
in the aquifer. The models that dissolve large quantities of 
plagioclase precipitate SiO2 . The saturation indices of 
quartz and chalcedony are consistent with the precipitation 
of either of these phases. However, these models are consid 
ered to be less plausible because dolomite is not the pre 
dominant reactant.

Chlorite, potassium feldspar, and plagioclase.  
Chlorite has small mass transfers that generally range from 
0.02 to 0.1 mmol/L. However, with 5 mmol of magnesium 
per millimole of chlorite (for the idealized chlorite composi 
tion used in the modeling), the quantity of magnesium 
derived from chlorite in these models ranges from 0.1 to 
0.5 mmol/L. Potassium-feldspar mass transfers are small in 
all models (less than 0.1 mmol/L). Plagioclase mass trans 
fers generally range from 0.1 to 0.3 mmol/L. The models 
with large mass transfers of plagioclase (greater than or 
equal to 0.5 mmol/L) are considered less plausible as previ 
ously discussed.

Cation exchange. Measurements of exchangeable 
cations in clay samples have calcium-to-magnesium ratios 
that are about 1:1 to 2:1 (table 6), which indicates an 
approximately equal exchange of calcium and magnesium 
for sodium. Models that contain calcium-magnesium/ 
sodium exchange or calcium-magnesium/sodium and cal 
cium/sodium exchange are consistent with exchange reac 
tions that have calcium to magnesium ratios between 1:1 
and 2:1. Other models can be created that have similar ratios 
by combining a model that has calcium-magnesium/sodium 
exchange with a model that has calcium/sodium exchange.

The exchange reactions for all samples except 4 were 
constrained to release sodium from the clays. With this con 
straint, sample 4 had only one mass-balance model, in 
which a pure silica phase was dissolved. Dissolution of a
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Table 8. Chemical and isotopic composition of samples used in mass-balance modeling

[Units of data are millimoles per liter unless otherwise noted; pH is in standard units; - indicates missing data. Sample number: Locations of wells are 
Admire Groups; u, well completed in unconfined part of the unit; c, well completed in the confined part of the unit. Depth category: "Shallow" indicates 
Alkalinity: meq/L, milliequivalents per liter. SD, deuterium measurement in per mil relative to standard mean ocean water (SMOW). 5 IXO, oxygen-18 
in per mil relative to Peedee belemnite. Tritium: pCi/L, picocuries per liter. Carbon-14: pmc, percent modern carbon]

Sample Geologic 
number unit

Recharge samples: 
1 Hnss 
2 GbWg,u 
3 GbWg.u 
4 GbWg,u

5 GbWg.u 
6 GbWg,u 
7 CCGA 
8 CCGA

Carbonate-saturated J 
9 GbWg,u 

10 GbWg,u 
1 1 GbWg.u 
12 GbWg,u

13 GbWg,u 
14 GbWg,u 
15 GbWg,u 
16 GbWg.u

17 GbWg,u 
18 GbWg,u 
19 GbWg.u 
20 GbWg,u

21 GbWg,c 
22 GbWg,c 
23 GbWg,c 
24 GbWg,c

25 GbWg,c 
26 GbWg,c 
27 GbWg,c 
28 GbWg,c

29 GbWg,c 
30 GbWg.c 
31 GbWg,c 
32 GbWg.c

33 CCGA 
34 CCGA

Depth 
category

Shallow ...... 
.....do..........
.....do..........
.....do.......... 

.....do..........

.....do..........

.....do..........

.....do..........

samples: 
Shallow...... 
.....do..........
.....do..........
.....do.......... 

.....do..........
Deep...........
.....do..........
.....do..........

..... do.... ......

.....do.......... 

.....do..........

.....do.......... 

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do.......... 

.....do.......... 

.....do..........

Shallow...... 
Deep...........

pH

7.27 
6.65 
6.34 
6.13

6.99 
7.39 
6.52 
6.77

8.56 
7.46 
7.32 
7.48

7.55 
8.27 
9.00 
7.63

7.61 
7.78 
7.57 
7.68

8.80 
8.60 
8.97 
8.86

8.87 
8.84 
8.74 
8.63

7.53 
7.52 
8.44 
7.75

8.87 
9.07

Dissolved 
oxygen
(mg/L)

3.6 

4.7 

4.5 

8.0

8.9 

9.4 

6.5

7.4

3.1

6.5 
1.8

2.0 
5.9 

13.2 
6.5

5.4 
5.2 
4.0 
6.2

5.7 
.2 

3.5 
5.0

3.5 
3.0 
4.8 
2.1

5.7 
9.1 

.2 
5.9

.1 

.6

Calcium

2.17 

.21 

.65 

.90

1.05 
1.52 
.77 
.62

.90 

.72 
1.50 
1.07

1.05 
.19 
.14 

1.20

1.10 
.75 

1.05 
.92

.04 

.09 

.03 

.35

.04 

.11 

.21

.32

2.07 
.97 

11.04 
.62

.04 

.03

Magnesium

1.65 
.21 
.53 
.70

.82 

.78 

.66 

.62

.91 

.66 
1.52 
1.07

.86

.24 

.12 
1.28

.86 

.70 

.82 

.86

.03 

.06 

.02 

.54

.04 

.07 

.11 

.40

1.19 
1.07 
4.14 

.74

.02 

.02

Sodium

4.18 
2.83 

.91 

.65

1.09 
1.31 
1.96 
1.48

14.81 
1.96 
.65
.52

5.66 
3.96 

10.88 
.70

.26 
1.70 
.52 

2.13

10.45 
13.06 
7.40 
4.35

6.09 
7.40 
6.09 
8.27

6.97 
1.61 

48.12 
3.26

10.88 
8.27

Potassium

0.02 

.05 

.08 

.02

.01 

.02 

.03 

.02

.12 

.08 

.06 

.01

.06 

.04 

.12 

.06

.04 

.06 

.04 

.04

.02 

.02 

.01 

.03

.01 

.01 

.01 

.03

.03 

.04 

.11 

.01

.02 

.01

Silica

0.60

.37 

.27 

.37

.35 

.32 

.28 

.27

.35 

.18 

.20 

.15

.25 

.18 

.18 

.25

.18 

.16

.23 

.33

.14 

.17 

.16

.22

.18 

.20 

.20

.22

.27 

.35 

.15 

.28

.16 

.16

Alkalinity 
(meq/L)

6.42

2.32 

1.52 

1.72

3.40 

4.88 

3.18 

2.04

4.20 

4.46 

5.72 

4.24

5.12 

4.48 

5.44 

4.28

3.76 

4.08 

3.80 

5.00

.36 

7.92 

6.24 

5.90

5.64 

6.24 

5.40 

5.24

4.72 

5.16 

.68 

5.08

6.96 

7.68

U8I3C analyzed as part of the carbon-14 analysis differed significantly, -17.7. 
b8' 3C analyzed as part of the carbon-14 analysis differed significantly, -15.0. 
cDuplicate analysis differed significantly, -32.5. d813C analyzed as part of the carbon-14 analysis differed significantly, -11.7.
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shown in figure 21. Geologic unit: Hnss, Hennessey Group; GbWg, Garber Sandstone and Wellington Formation; CCGA, Chase, Council Grove, and 
wells that are less than 300 feet (ft) deep; "Deep" indicates wells that are greater than 300 ft deep. Dissolved oxygen: mg/L, milligrams per liter, 
measurement in per mil relative to SMOW. S^S, sulfur-34 measurement in per mil relative to Canon Diablo troilite. 813C, carbon-13 measurement

Carbon

7.14
3.52
3.11
4.67

4.20
5.32
5.39
2.83

4.05
4.79
6.32
4.55

5.43
4.47
5.07
4.48

3.95
4.21
4.02
5.21

7.96
7.67
5.89
5.56
5.38

5.93
5.19
5.06
4.99
5.49

.62
5.25
6.59
7.16

Chloride

3.67
.71
.68
.82

.73

.35

.82

.85

12.71
.14
.40
.40

3.39
.08

5.65

1.13

.27

.31

.31

.34

.34

.59

.31

.21

.18

.37

.25
3.67

.26

.28

6.52
.19
.90
.31

Sulfate

0.80
.23
.30
.23

.24

.28

.30

.51

.75

.11

.10

.05

.49

.10

.32

.07

.05

.09

.08

.11

.86
2.81

.39

.14

.15

.77

.57

.43
4.38

.12

38.74
.32.

1.46
.14

Nitrate 
plus 

nitrite

0.25
.11
.42
.69

.04
<.01

.09

.36

.02
<.01

.04

.02

.02

.01

.03

.05

.02

.03

.03
<.01

.02
<01

.03

.04

.03

.02

.02

.01

.02

.04

<.01
.03

<.01
.02

5D 
(per mil)

-30.5
-33.0
-35.5
-36.0

-27.5
-29.0
-37.0
-32.0

-36.5
-36.0
-33.0
-34.5

-36.5
-41.0
^0.0
-38.0

-37.5
-37.5C

-33.5
-34.0

-39.0
-41.5
-38.0
-38.5
^0.5

-43.5
^0.5
-39.0
-44.0
-33.5

-44.0
-39.0
-39.5
-36.5

5180 

(per mil)

-5.05
-5.75
-6.00
-6.20

^.00
-5.55
-6.10
-5.25

-6.20
-6.30
-5.45
-5.90

-6.15
-6.75
-6.40
-6.05

-5.75
-6.10
-5.90
-5.90

-6.45
-6.85
-6.45
-6.35
-6.45

-6.95
-6.80
-6.50
-7.05
-5.75

-6.90
-6.40
-6.25
-6.10

534S 
(per mil)

7.30
7.00
4.10
5.70

8.80
4.60
5.20
3.40

8.69
-26.77

5.60
4.20

9.90
6.40

10.30
2.40

5.10
.70

1.70
7.80

9.80
9.70
9.80
9.40
8.50

9.60
9.90

11.40
10.30
4.90

9.70
7.70
8.50
6.50

613C 

(per mil)

-10.0
-17.8
-13.6
-20.2a

-16.1
-12.5
-14.2
-15.6

-13.5
-13.1
-9.5

-17.0b

-14.1
-10.1
-12.3
-11.4

-13.4
-15.2
-13.8
-10.4

-9.5
-7.7

-10.5
-10.8
-11.2

-10.2
-11.0
-10.9
-10.5
-9.5

-13.3d

-10.8
-11.1
-10.7

Carbon-14 
(pmc)

92.5
70.1

123.2
112.7

109.3
91.5

115.4
91.5

14.5
8.8

44.9
23.5

44.8
3.9

15.3
21.6

29.6
21.0
32.0
50.0

12.8
<.7

10.7
12.3
7.2

2.2
3.5
4.4

.7
42.6

8.5
15.6

1.5
25.1

Tritium 
(pCi/L)

29.0
<.3

50.0
34.0

30.0
53.0
44.0
66.0

<.3
1.2
.4

<3

1.5
<.3
3.2
<.3

<.3
<.3
<.3

.4

.4
<.3
<.3
<.3
<.3

.4
<.3

.6

.3

.6

<.3
<.3

.4
<3

Saturation index

Calcite

0.15
-1.79
-1.79
-1.83

-.64

.06
-1.26
-1.28

.81
-.17

.04
-.05

.04

.04

.53

.16

.06

.10

.01

.17

.02

.10
-.06

.92

.01

.43

.56

.61

.19

.04

.54

.07

.02

.04

Dolomite

0.22
-3.54
-3.63
-3.75

-1.37
-.14

-2.57
-2.54

1.67
-.31

.12
-.08

.00

.24
1.04
.39

.04

.20
-.06

.35

-.04

.08
-.22

2.11
.03

.73

.91
1.37
.20
.17

.72

.27
-.18

.01
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Universal Transverse Mercator 
projection. Zone 14 0

EXPLANATION

Well and identification number

o 1 Well completed in Hennessey 
Group, less than 300 feet 
deep

9 2 Well completed in unconfined 
part of Garber Sandstone 
and Wellington Formation 
(undivided), less than 300 
feet deep

A20 Well completed in unconfined 
part of Garber Sandstone 
and Wellington Formation 
(undivided), greater than 300 
feet deep

A 21 Well completed in confined 
part of Garber Sandstone 
and Wellington Formation 
(undivided), greater than 300 
feet deep

Q 7 Well completed in Chase,
Council Grove, and Admire 
Groups (undivided), less than 
300 feet deep

134 Well completed in Chase,
Council Grove, and Admire 
Groups (undivided), greater 
than 300 feet deep

Geologic contact  
Generalized contact 
between Permian 
geologic units

Boundary of study unit

10 20 MILES
_I

10 20 KILOMETERS

Figure 21. Locations of water samples from the Central Oklahoma aquifer used in mass-balance modeling.
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Table 9. Information about samples used in mass-balance modeling

[Sample number: locations of wells are shown in figure 21. Geologic unit: Hnss, Hennessey Group; GbWg, Garber Sandstone and Wellington 
Formation; CCGA, Chase, Council Grove, and Admire Groups; u, well completed in unconflned part of the unit; c, well completed in the confined 
pan of the unit. Depth category: "Shallow" indicates wells that are less than 300 feet (ft) deep; "Deep" indicates wells that are greater than 300 ft 
deep]

Sample 
number

Geologic 
unit

Recharge samples: 
1 Hnss 
2 GbWg,u 
3 GbWg,u 
4 GbWg,u

5 GbWg,u 
6 GbWg,u 
7 CCGA 
8 CCGA

Carbonate-saturated san 
9 GbWg,u 
10 GbWg,u 
1 1 GbWg,u 
12 GbWg.u

13 GbWg,u 
14 GbWg,u 
15 GbWg,u 
16 GbWg,u

17 GbWg,u 
18 GbWg,u 
19 GbWg,u 
20 GbWg,u

21 GbWg,c 
22 GbWg,c 
23 GbWg,c 
24 GbWg,c

25 GbWg,c 
26 GbWg,c 
27 GbWg,c 
28 GbWg,c

29 GbWg,c 
30 GbWg,c 
31 GbWg.c 
32 GbWg,c

33 CCGA 
34 CCGA

Depth 
category

Shallow.......
.....do..........
.....do..........
.....do..........

.....do..........

.....do..........

..... do.. ...... ..

.....do..........

iples: 
.....do..........
.....do..........
.....do..........
.....do..........

.....do..........
Deep. ........ ...
.....do..........
.....do..........

.....do..........

.....do..........

..... do.. ...... ..

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

.....do..........

..... do.. ...... ..

.....do..........

..... do..........

Shallow....... 
Deep. ...........

Site identification 
number

354007097395401 
351212097045601 
351611097042001 
352738097191001

354631097215501 
354817097281101 
353040097000901 
354725097030501

351106097155201 
351106097155202 
351729097221301 
351817097155201

353947097111501 
351409097231801 
351729097221302 
352518097270601

352749097192301 
352830097100301 
353324097173701 
353819097254901

351314097254701 
351414097293901 
351648097285101 
351926097293001

352145097345901 
352605097375701 
353013097373301 
353223097320501

353411097374501 
353819097305101 
353915097403901 
354105097332401

352236096551001 
354633097030801

Latitude

354007 
351212 
351611 
352738

354631 
354817 
353040 
354725

351106 
351106 
351729 
351817

353947 
351409 
351729 
352518

352749 
352830 
353324 
353819

351314 
351414 
351627 
351926

352145 
352604 
353013 
353223

353411 
353819 
353915 
354100

352236 
354633

Longitude

973954 

970456 

970420 

971910

972155 

97281 1 

970009 

970305

971552 

971552 

972213 

971552

971115 

972318 

972213 

972706

971923 

971003 

971737 

972549

972547 

972939 

972851 

972940

973459 

973738 

973733 

973205

973745 

973051 

974039 

973324

965510 

970308

Well depth
(ft) '

42.0 

240.0 

94.6 

180.0

127.0 

206.0 

125.0 

200.0

280.0 

154.0 

178.0 

170.0

178.0 

695.0 

795.0 

750.0

658.0 

325.0 

460.0 

519.0

643.0 

745.0 

674.0 

795.0

900.0 

895.0 

822.0 

760.0

635.0 

515.0 

600.0 

364.0

285.0 

401.0

Sampling

Date

870831 

870903 

870908 

870917

870921 

870819 

870915 

870923

871002 

870911 

871015 

871007

870825 

870729 

871022 

870810

870811 

870824 

870820 

870817

870731 

870803 

870731 

870804

870806 

870806 

870805 

870727

870902 

870814 

870826 

870925

870827 

870821

Time

1030 

1100 

1200 

1200

1400 

1130 

1200 

1130

1300 

1500 

1300 

1200

1100 

1120 

1600 

1200

1000 

1300 

1100 

1100

1030 

1100 

1530 

1030

1400 

1000 

1415 

1130

1000 

1000 

1000 

1100

1000 

1200
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I I I I I I I I I

   Equal calcite and dolomite 
dissolution 

Dolomite dissolution

0 0.5 1.0 1-5 2.0 

MAGNESIUM CONCENTRATION, IN MILLIMOLES PER LITER

Figure 22. Relation between calcium and magnesium concentra 
tions in recharge waters that are undersatu rated with dolomite and 
calcite in the Central Oklahoma aquifer.

pure silica phase, as previously stated, seemed unlikely, and 
the only constraints that could reasonably be removed were 
those on the exchange reactions. Removing the constraints 
on the exchange reactions generated three more models for 
sample 4, all of which included reverse cation exchange, 
that is, sodium uptake by the clays. Reverse cation 
exchange is possible if the ratio of dissolved calcium and 
magnesium to dissolved sodium has changed because of a 
relative increase in sodium concentration or decrease in cal 
cium and magnesium concentrations. Many sources of 
ground-water contamination are likely to have large sodium 
concentrations that could cause reverse cation exchange to 
occur. The large quantities of nitrate needed for the models 
of sample 4 are an indication of contamination at this site.

Gypsum. The initial water and gypsum are the only 
sources of sulfate in the modeling. All samples from the 
Garber Sandstone and Wellington Formation require less 
than 0.2 mmol/L gypsum to dissolve. The sample from the 
Hennessey Group and one from the Chase, Council Grove 
and the Admire Groups require larger mass transfers of gyp 
sum. The need for gypsum dissolution could be eliminated 
for the samples from the Garber Sandstone and Wellington 
Formation by increasing the concentration of sulfate in the 
initial water composition. Larger sulfate concentrations in 
the initial water could be caused by an evapotranspiration 
factor of greater than 10 (which was used in the definition 
of the initial water composition).

Brine. The source of chloride in the ground-water 
samples is assumed to be a brine that is leaching from fluid 
inclusions or dead-end pores. The brine phase in table 11 
refers to the composition of a brine near equilibrium with 
halite, calcite, and dolomite (brine composition is given in 
table 7). The mass-balance modeling is used to calculate the

number of milliliters of brine per liter of solution that are 
needed to account for the measured chloride in the ground- 
water sample. Each milliliter of brine contains 6.23 mmol of 
chloride and 4.99 mmol of sodium (table 7). All the samples 
but the one from the Hennessey Group require about 0.1 mL 
of brine (0.6 mmol chloride) to account for chloride concen 
trations. The concentrations of chloride in the recharge sam 
ples are larger than most of the samples from deeper in the 
aquifer (table 8). Because chloride is conservative, chloride 
concentrations should stay constant or increase with depth 
in the aquifer. The larger concentrations in the recharge 
samples indicate that part of the chloride in the recharge 
samples is derived from contamination at the land surface. 
The brine phase may not be representative of the land-sur 
face contamination; however, a more plausible phase would 
require more detailed information about sources of chloride 
contamination than is available.

Nitrate. The concentrations of ammonium and 
nitrate in water that enters the saturated zone of the aquifer 
are uncertain because of variations in rainwater quantity and 
composition and because of uptake by biological processes 
in the unsaturated zone. For the mass-balance modeling, the 
initial water contained 10 times the quantity of nitrate 
(0.17 mmol/L) and ammonium (0.15 mmol/L) in recent 
rainwater. The ammonium concentrations in ground water 
in the study unit are negligible. All the ammonium in evapo 
rated rainwater was assumed to oxidize to nitrate by the 
reduction of oxygen in the unsaturated zone. This oxidation 
causes a decrease in alkalinity. Nitrate was assumed to be 
lost from solution to biological uptake or gained from some 
undetermined source. The loss or gain of nitrate was 
assumed to be accompanied by an increase or decrease in 
alkalinity to maintain electrical neutrality in the solution. 
Models for four samples have negative mass transfers of 
nitrate that range from -0.2 to -0.3 mmol/L (table 11). The 
loss is about equal to the total quantity of nitrate and ammo 
nium in the initial water. Under pristine conditions, biologi 
cal processes consume most of the available ammonium and 
nitrate. The rest of the samples have small negative or posi 
tive mass transfers of nitrate relative to the initial water. 
These mass transfers indicate that more nitrate was avail 
able than could be consumed by biological processes. An 
additional source of nitrate is indicated for these samples; 
contamination by fertilizers or septic tanks is possible 
throughout the study area.

Carbon Isotopes

An important test of the mass-balance models is 
whether they are consistent with the 8 I3C and carbon-14 
measurements in the aquifer. For this study, carbon-isotope 
data are available for ground-water and carbonate-mineral 
samples. However, two essential types of information 
needed to understand carbon-isotope evolution in the unsat 
urated zone are missing the isotopic composition of car 
bon dioxide gas throughout the unsaturated zone and the
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extent to which water in the unsaturated zone is in isotopic 
equilibrium with carbon dioxide gas. Given that the infor 
mation on the carbon-isotope system is incomplete, the 
approach to interpreting 813C and carbon-14 data for the 
recharge samples is to estimate a range of isotopic composi 
tions for unsaturated-zone carbon dioxide gas from litera 
ture sources, to calculate the isotopic compositions of 
carbon dioxide gas that are consistent with the mass-balance 
models and the measured isotopic compositions of the 
recharge samples, and to compare these two estimates of the 
isotopic composition of unsaturated-zone carbon dioxide 
gas for inconsistencies.

Estimated Isotopic Composition of Carbon Dioxide Gas in the 
Unsaturated Zone

The 813C for plant-derived carbon dioxide gas is com 
monly about -25 per mil (Mook, 1980, p. 60). Quade, Cer- 
ling, and Bowman (1989) estimated that diffusion can cause 
the 813C of carbon dioxide gas to be 4 per mil heavier than 
the plant material. Thorstenson and others (1983) measured 
the 8 13C of unsaturated-zone carbon dioxide gas at several 
sites in the western Great Plains and determined that the 
composition ranged from about -16 to -25 per mil for 
sites that did not have lignite in the unsaturated zone. This 
range is expected for the carbon dioxide gas in the unsatur 
ated zone of the Central Oklahoma aquifer because of the 
similarity of environments.

Carbon-14 activity in carbon dioxide gas is expected 
to have been lOOpmc at the top of the unsaturated zone 
before atmospheric nuclear testing introduced a large quan 
tity of carbon-14 into the atmosphere in the early 1950's. 
The carbon-14 activity at the top of the unsaturated zone 
could have reached a maximum of about 180 pmc during 
the short period that followed the peak in atmospheric 
nuclear testing in the 1960's (Mook, 1980). Thorstenson and 
others (1983) observed carbon-14 activities of about 
120 pmc in carbon dioxide gas samples from the top of the 
unsaturated zone; however, these carbon-14 activities, 
which are typical of postatmospheric nuclear testing, were 
not observed in the deep unsaturated zone even though dif 
fusion models predicted that it should be present. Thus, the 
unsaturated zone may not be uniform in the isotopic com 
position of carbon throughout its entire depth. For this 
report, the carbon-14 activities of carbon dioxide gas in the 
unsaturated zone were expected to have been less than or 
equal to 100 pmc before atmospheric nuclear testing. Activ 
ities were expected to have been greater than 100 pmc at the 
top of the unsaturated zone after atmospheric nuclear testing 
began.

Isotopic Composition of Carbon Dioxide Gas Calculated From 
Mass-Balance Models

To calculate the isotopic composition of the unsatur 
ated-zone carbon dioxide gas that is consistent with the 
mass-balance models, it is necessary to know the mass
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transfers of the carbon-containing phases, the carbon-iso 
tope compositions of dissolving dolomite and calcite, and 
the extent of carbon-isotope fractionation between the aque 
ous phase and carbon dioxide gas. The mass transfers of the 
carbon-containing phases are precisely the results of the 
mass-balance modeling. The 513C of dolomite and calcite 
were measured for selected core samples from the test holes 
(table 5). A representative 813C was chosen to be -8.0 per 
mil for calcite and -9.0 per mil for dolomite. These 8 13C 
values were used in all isotopic calculations. Carbon-14 
activities were assumed to be 0 pmc for calcite and dolo 
mite.

The extent of isotopic fractionation between the aque 
ous and the gas phases is not known. However, the magni 
tude of fractionation effects can be estimated on the basis of 
two contrasting assumptions by assuming that equilibrium 
isotopic fractionation occurs between the aqueous phase 
and carbon dioxide gas and that no isotopic fractionation 
occurs between the aqueous phase and carbon dioxide gas. 
Calculations made with these two assumptions should 
delimit the range of fractionation effects for carbon-isotope 
evolution.

The isotopic equilibrium calculations assume that all 
carbonate dissolution occurs in the unsaturated zone while 
the aqueous phase is in isotopic equilibrium with carbon 
dioxide gas. For isotopic equilibrium, the isotopic composi 
tion of the dissolved inorganic carbon in the aqueous phase 
differs from the isotopic composition of carbon dioxide gas 
by an equilibrium fractionation factor. The fractionation 
factor between the gas and the aqueous phases was calcu 
lated from the composition of the final water by using the 
equations of Thode and others (1965), Mook, Bommerson, 
and Staverman (1974), and Mook (1980). The equilibrium 
fractionation factor was added to the measured 8I3C of the 
final water to calculate the 8 13C of carbon dioxide gas. The 
fractionation effects on carbon-14 are theoretically twice as 
large as those forcarbon-13; however, because carbon-14 
activity is measured in percent and 613C is measured in per 
mil, the fractionation effects on carbon-14 activity are neg 
ligibly small (about 1 pmc). For isotopic equilibrium, the 
calculated carbon-isotope composition of carbon dioxide 
gas is independent of mass-balance models because it 
depends only on the measured carbon-isotope composition 
of the final water and the equilibrium fractionation factor.

If isotopic fractionation does not occur, then the car- 
bon-14 activity and 813C of the carbon dioxide gas that 
enters the aqueous phase is the same as the gas-phase com 
position. For all the recharge samples, all carbon phases dis 
solve. Therefore, a simple mass balance on the carbon 
isotopes is sufficient to calculate the isotopic composition of 
the carbon dioxide gas. In the absence of isotopic fraction 
ation, the calculated isotopic composition of the carbon 
dioxide gas is different for each mass-balance model 
because each model has different mass transfers of carbon 
phases.

The calculated carbon-isotope composition of carbon 
dioxide gas in the unsaturated zone is tabulated in table 12 
for each sample for each of the two assumptions. For the 
assumption of equilibrium isotopic fractionation, there is 
only one set of equilibrium isotopic compositions of carbon 
dioxide gas for each sample. For the assumption of no iso 
topic fractionation, there is one set of calculated isotopic 
compositions of carbon dioxide gas for each mass-balance 
model. The differences among the models for a sample 
cause the calculated 8I3C of the carbon dioxide gas to differ 
only by 1 to 2 per mil. However, differences among the 
models for some samples cause the calculated carbon-14 
activities to differ by as much as 40 pmc.

Comparison of Literature Estimates With Calculated Isotopic Compositions of 
Unsaturated-Zone Carbon Dioxide Gas

The calculated 8 13C of the carbon dioxide gas, 
assuming equilibrium fractionation, ranges from -17.2 to
-23.1 per mil and, assuming no fractionation, ranges from
-10.2 to -23.9 per mil (table 12). The calculated 813C for 
the carbon dioxide gas generally is heavier if no isotopic 
fractionation occurs than if equilibrium isotopic fraction 
ation occurs. The equilibrium-fractionation 813C for each 
sample is within the range of compositions of unsaturated- 
zone carbon dioxide gas, which ranged from -16 to -25 per 
mil as measured by Thorstenson and others (1983). If no 
fractionation occurs, then the calculated 813C for most of 
the samples are within the expected range of isotopic com 
positions for unsaturated-zone carbon dioxide gas. How 
ever, the 8 I3C for some samples are heavier than the 
expected range by 1 or 2 per mil; sample 1 is more than 
5 per mil heavier. Only equilibrium isotopic fractionation 
implies 813C values of unsaturated-zone carbon dioxide gas 
that are within the expected range for all the recharge sam 
ples.

Assuming equilibrium isotopic fractionation, the cal 
culated carbon-14 activity of carbon dioxide gas ranges 
from 70 to 123 pmc, which is within the range of carbon-14 
activities of unsaturated-zone carbon dioxide gas measured 
by Thorstenson and others (1983) from 1979 through 1981. 
Assuming no isotopic fractionation. the calculated carbon- 
14 activity of carbon dioxide gas is between 10 and 70 pmc 
greater than for equilibrium fractionation for each sample. 
Most samples have some models with calculated carbon-14 
activity of carbon dioxide gas that is greater than or equal to 
150 pmc. Mook (1980) showed that concentrations of 
greater than 150 pmc in plants could have persisted for only 
a few years in the 1960's and early 1970's. Thus both 
assumptions are consistent with the measured carbon-14 
data and the mass-balance models under certain conditions. 
Assuming equilibrium isotopic fractionation occurs, the 
measured carbon-14 activities of the samples can be 
explained by carbon-14 activities of carbon dioxide gas in 
the unsaturated zone that ranged from about 50 to 120 pmc 
while recharge occurred; this range is consistent with the
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Table 12. Calculated carbon-isotope composition of unsaturated-zone carbon dioxide gas

[The isotopic composition of carbon dioxide gas in the unsaturated zone was calculated from the measured isotopic data and 
the mass-balance models based on two different assumptions: (1) equilibrium isotopic fractionation between the aqueous 
solution and carbon dioxide gas and (2) no fractionation. Geologic unit: Hnss, Hennessey Group; GbWg, Garber Sandstone 
and Wellington Formation; CCGA, Chase, Council Grove, and Admire Groups; u, well completed in unconfmed pan of the 
unit; c, well completed in the confined part of the unit. Depth category: Shallow indicates wells less than 300 feet deep. 
813C, carbon-13 value relative to Peedee belemnite (PDB). C-14, carbon-14: pmc, percent modern carbon]

Calculated isotopic composition of carbon dioxide gas

Sample Geologic Depth _ .... . 
number unit category Equilibrium

813C C-14
(per mil) (pmc)

I Hnss Shallow -1 7.2 93

2 GbWg.u ......do.......... -23.1 70

3 GbWg,u ......do.......... -17.2 123

4 GbWg,u ......do.......... -22.7 1 13

5 GbWg,u ......do.......... -23.1 109

6 GbWg.u ......do.......... -20.4 91

7 CCGA ......do.......... -18.9 115

8 CCGA ......do.......... -21.5 91

Model
number

1

2
3
4
5

1
2
3
4
5

1
2
3
4
5

1
2
3
4

1
2
3
4
5

1
2
3

1
2
3
4
5
6
7

1
2
3
4

No fractionation

813C
(per mil)

-10.8
-10.7
-10.6
-10.5
-10.2

-22.2
-21.4
-21.1
-20.4
-18.7

-15.5
-15.4
-15.0
-14.9
-14.0

-23.9
-23.2
-22.8
-22.5

-20.9
-21.0
-20.2
-20.2
-18.5

-15.6
-15.2
-13.8

-16.4
-16.5
-16.2
-16.3
-16.1
-15.8
-15.6

-20.2
-18.6
-17.7
-17.2

C-14
(pmc)

1 62

1 54

I5l

1 40

1 08

1 05

99

96

91

77

175

171

162

157

135

150

143

139

136

183

183

173

173

146

168

160

126

165

165

160

160

157

152

148

156

133

121

114
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measurements of Thorstenson and others (1983). Assuming 
no isotopic fractionation occurs, the measured carbon-14 
activities of the samples can be explained by carbon-14 
activities of carbon dioxide gas in the unsaturated zone that 
ranged from 120 to 180 pmc; this range of carbon-14 activ 
ities implies that recharge occurred in the late 1960's and 
early 1970's.

Discussion

Mass-balance models account quantitatively for the 
compositions of recharge samples (samples 1 through 8) by 
uptake of carbon dioxide gas from the unsaturated zone; 
dissolution of dolomite and, to lesser extents, plagioclase, 
potassium feldspar, chlorite, and biotite; and precipitation of 
kaolinite and, perhaps, a pure silica phase. Cation exchange 
accounts for most of the dissolved sodium. Gypsum dissolu 
tion or concentration of rainwater by evapotranspiration can 
account for sulfate concentrations in recharge samples. A 
sodium chloride brine or other source of chloride is neces 
sary to account for the chloride concentrations. The 
recharge samples have larger concentrations of chloride 
than samples from deeper in the aquifer, which indicates a 
recent source of chloride contamination. Some of the sam 
ples have large nitrate concentrations, which also is attrib 
uted to recent sources of contamination.

The mass-balance models for the recharge samples 
(table 11) are consistent with the petrographic observations 
and saturation indices. The petrographic observations indi 
cate that dolomite, calcite, chlorite, plagioclase, potassium 
feldspar, and biotite are present and, if they are reactive, are 
dissolving. Saturation indices for carbonate minerals are 
consistent with dissolution. Six of the eight recharge sam 
ples were undersaturated with dolomite and calcite. In the 
larger sample set of all samples of this study from Permian 
geologic units, 24 of 58 samples that had large tritium con 
centrations were undersaturated with dolomite and calcite. 
Gypsum was not observed in any of the core samples, but 
saturation indices indicate it should dissolve if present.

The dominant reaction in recharge is uptake of carbon 
dioxide gas from the unsaturated zone and dissolution of 
dolomite. This reaction produces ground water with calcium 
and magnesium as the major cations and bicarbonate as the 
major anion. Recharge that is undersaturated with carbonate 
minerals has pH values that range from about 6.0 to 7.3. 
Recharge that is in equilibrium with carbonate minerals has 
a pH value of about 7.5.

The mass-balance models are consistent with the 
available carbon-isotope data. Two processes for isotopic 
fractionation between the aqueous phase and carbon dioxide 
gas were tested equilibrium isotopic fractionation and no 
isotopoic fractionation. Only equilibrium isotopic fractiona 
tion is consistent for all the recharge samples with the range 
of S i3C of carbon dioxide gas in the unsaturated zone that 
was derived from the literature. Neither set of calculations

for isotope-fractionation processes provides any specific 
contradictions by which mass-balance models could be 
rejected.

Only recharge sample 2 did not have a tritium con 
centration of greater than or equal to 30 pCi/L, which indi 
cates ground water that is less than about 40 years old. The 
carbon-14 activity of the sample was 70 pmc, which could 
have resulted from radioactive decay or dilution by low- 
activity carbon. If radioactive decay is responsible for the 
decrease in carbon-14 activity, then the age of this ground 
water is about 3.000 years; if isotope dilution is responsible 
for the decrease in carbon-14 activity, then the age is essen 
tially modern but greater than 40 years old to account for 
the lack of tritium.

Mass-Balance Modeling of Carbonate-Saturated 
Samples

The recharge samples either had large concentrations 
of tritium or were undersaturated with dolomite and calcite. 
All the remaining samples (table 8, samples 9 through 34) 
have small concentrations of tritium and are saturated or 
supersaturated with dolomite and calcite. These samples 
will be referred to as the "carbonate-saturated samples." For 
these samples, the mass-balance modeling assumes that 
recharge takes up carbon dioxide gas and then equilibrates 
with dolomite and calcite soon after it enters the saturated 
zone. The objectives of mass-balance modeling are to deter 
mine which additional geochemical reactions occur after 
ground water has attained equilibrium with dolomite and 
calcite and to calculate ground-water ages for each sample. 
All these samples have small concentrations of tritium and 
carbon-14 activities that are less than 50 pmc, which indi 
cate older ground water than in the recharge samples. The 
carbonate-saturated samples include all the samples from 
deep wells (greater than 300 ft). The difficulty in mass-bal 
ance modeling these older and deeper samples is to deter 
mine the appropriate chemical and isotopic composition of 
the initial water to use with each sample.

Reactants and Initial Waters for Carbonate-Saturated Samples

The reactants and constraints of table 7 were used in 
mass-balance modeling the carbonate-saturated samples 
with a few modifications. The reactions that are modeled for 
the carbonate-saturated samples are described as those that 
occur in the saturated zone, and no additional input of car 
bon dioxide gas is assumed within this zone. Therefore, car 
bon dioxide gas was excluded as a reactant. The samples are 
all saturated or supersaturated with calcite, which indicates 
that calcite could precipitate; thus, the constraint on calcite 
only to dissolve was removed. The constraints on cation- 
exchange reactions were removed for two samples as 
described below. Ammonium and nitrate concentrations are 
negligible in all the carbonate-saturated samples, and the 
initial waters for the mass-balance modeling contain no
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ammonium or nitrate. Therefore, sources and sinks for 
ammonium and nitrate were not needed in this mass-bal 
ance modeling.

The definition of initial water compositions for the 
carbonate-saturated samples is problematic. One modeling 
approach would be to equilibrate the recharge samples with 
carbonates without allowing additional input of carbon 
dioxide and to use the resulting chemical compositions as 
initial waters for modeling the carbonate-saturated samples. 
Unfortunately, many of the recharge samples seem to be 
contaminated with nitrate and chloride, which complicates 
interpretation of the modeling results. It also is difficult to 
determine which, if any, of these samples are on flow paths 
that intersect the wells where the carbonate-saturated sam 
ples were obtained. Given the uncertainty in choosing an 
appropriate initial water composition from the limited num 
ber of recharge samples, a range of initial water composi 
tions was used in modeling the carbonate-saturated samples. 
The initial waters were generated by using PHREEQE and 
assuming equilibrium with dolomite and calcite. The appro 
priate isotopic composition for these initial waters was 
determined by interpretation of the isotopic compositions of 
the recharge samples.

Chemical Compositions of Initial Waters

A ground water in equilibrium with calcite and dolo 
mite was assumed to be an appropriate initial water for 
modeling the carbonate-saturated samples. However, many 
ground-water compositions are in equilibrium with calcite 
and dolomite. Mass-balance models of the recharge samples 
indicated the predominant reaction in recharge is uptake of 
carbon dioxide and dissolution of dolomite. Thus, the pri 
mary factor in determining the chemical composition of 
solutions in equilibrium with carbonates is the quantity of 
carbon dioxide gas that enters solution in the unsaturated 
zone. The more carbon dioxide gas that dissolves, the larger 
the calcium and magnesium concentrations that are neces 
sary to produce equilibrium with dolomite and calcite.

PHREEQE was used to calculate five water composi 
tions that are representative of the range of possible water 
compositions that would occur soon after water entered the 
saturated zone. The quantity of carbon dioxide in the mass- 
balance models for the recharge samples ranged from less 
than 2.0 to greater than 4.0 mmol/L (table 11). The com 
positions of the initial waters were generated by using 
PHREEQE and assuming that 2.0, 2.5, 3.0, 3.5, or 4.0 
mmol/L carbon dioxide gas dissolved in rainwater, which 
was concentrated tenfold, and that dolomite and calcite 
reacted to equilibrium. The resulting solution compositions 
are listed in table 10 (solutions 2 through 6).

The magnitudes of mineral mass transfers in the 
mass-balance modeling of the carbonate-saturated waters 
depend largely on the calcium, magnesium, and carbon con 
centrations of the initial waters. The five simulated initial 
waters have a large range in the concentrations of these ele

ments. Silica concentrations were assumed to be 18 mg/L, 
which is the median concentration in recharge (32 samples 
described in the recharge section). The net decrease in silica 
concentrations and its effect on the overall mineral mass 
transfers are small.

The sodium concentration in the initial waters was 
assumed to be 0.06 mmol/L, which is 10 times the concen 
tration in rainwater (table 2). Many of the recharge samples 
have larger concentrations of sodium. In the mass-balance 
models for the recharge samples, the additional sodium is 
derived mostly from cation exchange. The initial water 
compositions are intended to incorporate all the reactions 
that occur during recharge up to the point of carbonate 
equilibration in the saturated zone; thus, the initial water 
compositions should include some sodium contribution 
from cation exchange. The quantity of cation exchange in 
mass-balance models for the recharge samples was variable 
but generally was less than 1.0 mmol/L, which accounts for 
less than 2 mmol/L of sodium. By not including any of the 
cation-exchange reactions in the initial water compositions, 
the quantity of cation exchange calculated in the mass-bal 
ance modeling may overestimate the quantity that occurs 
after carbonate equilibration by only about 1.0 mmol/L or 
less.

Carbon-Isotope Compositions of Initial Waters

The measured isotopic compositions of the recharge 
samples cannot be used directly to define the isotopic com 
position of the initial waters because six of the eight 
recharge samples are undersaturated with dolomite and cal 
cite, whereas the initial waters are defined to be saturated 
with these carbonates. Furthermore, large tritium concentra 
tions in seven of the recharge samples indicate contamina 
tion by carbon-14 from atmospheric nuclear testing. To use 
isotopic compositions of the carbonate-undersaturated 
recharge samples, it is necessary to estimate what the iso 
topic composition would be after equilibration with dolo 
mite and calcite. It also is necessary to make some adjust 
ment for the effects of atmospheric nuclear testing on 
carbon-14 activities.

PHREEQE was used on the carbonate-undersaturated 
recharge samples (samples 2, 3, 4, 5, 7, 8, table 8) to calcu 
late the quantity of dolomite and calcite that would react to 
attain equilibrium in a system closed to carbon dioxide. 
Dolomite dissolution is the predominant reaction with mass 
transfers in the range from 0.3 to 1.1 mmol/L water 
(table 13). The calculations indicate only minor quantities 
of calcite dissolution or precipitation would occur. The mass 
transfers^of dolomite that must dissolve to attain equilib 
rium (table 13) are similar to the mass transfers in the mass- 
balance models for these samples (table 11). Thus, for the 
recharge samples that are undersaturated with carbonate 
minerals, about one-half of the dolomite necessary for car 
bonate equilibrium would dissolve in the saturated zone, 
which is closed to carbon dioxide.
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Table 13. Calculated mass transfers and carbon-isotope compositions that result from equilibration of carbonate- 
undersaturated samples with dolomite and calcite

[C-14. carbon-14 activity: pmc, percent modern carbon. S I3C, carbon-13 value relative to Peedee belemnite. Geologic unit: Hnss, Hennessey 
Group; GbWg, Garber Sandstone and Wellington Formation; CCGA, Chase, Council Grove, and Admire Groups; u, well completed in unconfined 
pan of the unit. Depth category "Shallow" indicates wells that are less than 300 feet deep C-14 for calculation: If the measured carbon-14 
activity were greater than 100 pmc. then 100 percent modern carbon was used in the calculations, otherwise the measured value was used. Mass 
transfer: mmol/L, millimoles per liter]

Sample 
number

2 

3

4

5
7

8

Geologic unit . e" 
0 category

GbWg.u 

GbWg,u 

GbWg,u

GbWg,u

CCGA 

CCGA

Shallow .........

....... do..........

....... do.. ........

....... do. .........

....... do..........

....... do. .........

....... do... .......

Measured 
C 14
(pmc)

70 

123 

113

109 

115 

91

C-14 for 
calculation 

(pmc)

70 

1 00

too

1 00 

100 

91

Mass transfer to 
attain equilibrium

Dolomite
(mmol/L)

0.47 

.65 

1.10

.34 

.76 

.30

Calcite 
(mmol/L)

0.07 

.00 

-.10

-.18 

-.04 

.06

Calculated after 
equilibration

513C 

(per mil)

-15.8 

-12.2 

-16.6

-15.2 

-13.1

-14.3

C-14 
(pmc)

54 

71 

68

86 

78

74

What is the effect of these carbonate-equilibration 
reactions on the 8 BC of the ground water? The 8 I3C of the 
ground waters after carbonate equilibration can be calcu 
lated given the 8 13C of the ground-water samples, the 5' 3C 
of the dissolving phases, and the mass transfers calculated 
by using PHREEQE. The equations of Wigley, Plummer, and 
Pearson (1978, 1979) were used to calculate the S I3C of the 
ground waters after carbonate equilibration. The calculated 
8 13C values ranged from  12.2 to -16.6 per mil (table 13). 
The measured 8 I3C of the two recharge samples that were 
not substantially undersaturated with carbonates are -10.0 
and -12.5 per mil. The 8 13C calculations for the carbonate- 
undersaturated samples and the measurements of 8 13C for 
the other two samples indicate that the initial solutions for 
mass-balance modeling should have 813C that range from 
-10.0 to -16.6 per mil.

All but one of the carbonate-undersaturated recharge 
samples have large tritium concentrations, which indicate 
that the carbon-14 activities are probably contaminated by 
carbon-14 produced during atmospheric nuclear testing. No 
method is available to determine what the carbon-14 activi 
ties would have been if no contamination were present in 
the samples. However, the maximum carbon-14 activity 
before atmospheric nuclear testing began can be assumed to 
be 100 pmc. The effects of carbonate equilibration on car 
bon-14 activities were calculated by using either the mea 
sured carbon-14 activities or 100 pmc, whichever was 
smaller. The calculated carbon-14 activities after equilibra 
tion with dolomite and calcite range from 54 to 86 pmc.

Because these calculations do not indicate a specific 
carbon-14 activity that is appropriate for the initial waters, a 
range of carbon-14 activities was used to estimate ground-

water ages for the carbonate-undersaturated samples. In one 
extreme, if carbonate-mineral equilibration occurs in the 
unsaturated zone at isotopic equilibrium with carbon diox 
ide gas, then the carbon-14 activity in water that enters the 
saturated zone could have an activity of 100 pmc. In the 
other extreme, if carbon dioxide gas entered solution in the 
unsaturated zone and carbonate-mineral equilibration 
occurred in the saturated zone (without additional input of 
carbon dioxide gas), then the water in the saturated zone 
would have an activity of about 50 pmc before any radioac 
tive decay occurred. Carbon-14 ages for the carbonate- 
undersaturated samples were calculated by assuming the 
initial waters had carbon-14 activities of 50 and 100 pmc. 
The ages calculated with these two activities should span 
the range of possible ground-water ages caused by uncer 
tainties in the carbon-14 activity in recharge.

Mass-Balance Models

The conceptual model for the evolution of the initial 
waters is that rainwater is concentrated tenfold, carbon 
dioxide from the unsaturated zone dissolves (2.0-4.0 
mmol/L), and dolomite and calcite dissolve to equilibrium. 
The mass-balance modeling calculates the reactions neces 
sary to produce the compositions of the carbonate-saturated 
samples from these initial waters. The reactions are 
assumed to occur in a system that is closed to carbon diox 
ide gas.

The calculations attempted to find mass-balance 
models for each of the carbonate-saturated samples by using 
each of the five simulated initial waters. Most samples had 
several models for each of two or more of the initial waters.
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A selection of mass-balance results for each sample are 
listed in table 14; only one model is presented for each 
unique set of reactants and products. The petrographic data 
does not indicate that calcite is precipitating in the aquifer. 
Thus, models that precipitated calcite were considered to be 
less likely than other models. However, calcite precipitation 
is thermodynamically possible, and some of the carbon-14 
ages are sensitive to the amount of calcite precipitation. To 
simplify the table and to eliminate less plausible models, a 
model that precipitated calcite was included in table 14 only 
if the carbon-14 age for the model was the youngest or old 
est for a sample. The reactants are individually discussed 
below in the order in which they are listed in table 14.

Initial solution. The initial solution number, which 
corresponds to solutions in table 10 (solutions 2 through 6), 
is given for each model. All five initial waters were used in 
the mass-balance models, although four was the maximum 
number of initial waters used in modeling an individual 
sample.

Calcite. Models that precipitate calcite generally 
were excluded from the table because the petrographic data 
did not indicate that calcite is precipitating in the aquifer. 
However, models that precipitate calcite can have ages as 
much as 4,500 years younger than models in which calcite 
dissolves or does not react. Generally, the ages for calcite- 
precipitation models are not more than 1,000 years older or 
younger than other models. All models for sample 31 pre 
cipitate calcite. This sample had the largest concentration of 
sulfate., and it is likely that increased calcium concentrations 
owing to dissolution of large quantities of gypsum caused 
precipitation of calcite from this ground water. For models 
that dissolve calcite, the mass transfer of calcite generally is 
less than about 1 mmol/L.

Dolomite. Dolomite dissolution is generally less 
than 1 mmol/L except in models that precipitate calcite. 
Models that precipitate calcite have larger mass transfers of 
dolomite but still less than 2 mmol/L. Some of the models 
for sample 31 (models 1 through 3) have large mass trans 
fers of dolomite, but these models imply unrealistically light 
6 13C of the initial solution and are not considered possible.

Kaolinite, silica, chlorite, and potassium feldspar.  
For most models, kaolinite precipitation is small (less than 
0.1 mmol/L), unless mass transfers of plagioclase or chlo 
rite are large. All models for sample 31 require either pla 
gioclase or chlorite dissolution, and kaolinite precipitation 
is as great as 1.68 mmol/L for this sample. Silica precipi 
tates in all mass-balance models in which there is a mass 
transfer of silica. Chlorite mass transfers generally are small 
(less than 0.15 mmol/L), but potentially represent a substan 
tial source of magnesium to solution because of the large 
stoichiometric coefficient of magnesium in the chlorite 
chemical formula. Mass transfers of potassium feldspar are 
small (less than 0.12 mmol/L) in all models.

Plagioclase. Plagioclase mass transfers are large 
(greater than 0.3 mmol/L) in models for eight samples. Only

one of these samples was from the unconfined Garber Sand 
stone and Wellington Formation (sample 11); seven of the 
samples were from either the confined Garber Sandstone 
and Wellington Formation or from the Chase, Council 
Grove, and Admire Groups.

Cation exchange. In general, cation-exchange reac 
tions have the largest mass transfers in each mass-balance 
model. Only two models have no cation exchange. The 
quantities of exchange in the models range from a small 
quantity of reverse exchange to more than 22.0 mmol/L. No 
models were found for samples 16 and 17 unless the con 
straints on the cation-exchange reaction were removed. 
Removing these constraints allowed reverse cation 
exchange, which puts sodium onto clays and releases cal 
cium and magnesium into solution. Sample 16 requires 
purely reverse cation exchange. Introduction of ground 
water with larger sodium concentrations to a zone with 
clays that are equilibrated with smaller sodium concentra 
tions could cause reverse exchange. The well in question is 
a high-capacity municipal well, and pumpage may have 
caused upconing of more saline water, which resulted in 
reverse cation exchange.

The quantities of cation exchange tend to be larger in 
models for samples from the Chase, Council Grove, and 
Admire Groups and the confined part of the Garber Sand 
stone and Wellington Formation (generally greater than 
2.0 mmol/L) than for samples from the unconfined part of 
the Garber Sandstone and Wellington Formation (generally 
less than 2.0 mmol/L). All the mass-balance models for the 
evolution of sodium bicarbonate waters require large quan 
tities of cation exchange. No other reactants can account for 
water compositions with large sodium and bicarbonate con 
centrations and small calcium and magnesium concentra 
tions.

Gypsum. Only four samples have mass transfers of 
more than 1 mmol/L gypsum (samples 22, 29, 31, 33). 
Sample 31 has a mass transfer of almost 37.0 mmol/L. This 
is the only sample that has a saturation index for gypsum 
that indicates saturation. Most models require a small quan 
tity of gypsum to dissolve (less than 1 mmol/L). Models for 
some of the samples have negative mass transfers of gyp 
sum. The saturation indices indicate gypsum cannot be pre 
cipitating from any of these ground waters. The negative 
mass transfers are small and probably indicate the uncer 
tainty in sulfate concentrations in the initial water. Precipi 
tation of barite may cause a decrease in sulfate concentra 
tions. Barite saturation indices generally indicate saturation 
or supersaturation (fig. 18). Selective extractions indicate 
that barium is exchangeable in the clays, and this could be 
the source of barium for barite precipitation. No detailed 
models of this reaction were calculated because it has little 
effect on other mass transfers or the carbon-14 ages.

Brine. Most models have small mass transfers of 
brine (less than 0.06 mL/L, or about 0.4 mmol/L of chlo 
ride), which accounts for the chloride concentrations in the
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samples. Five samples have mass transfers of brine that are 
more than 0.5 mL/L (about 3.0 mmol/L of chloride).

Carbon Isotopes

In the modeling process, an implied 5I3C of the initial 
water was calculated for each model (table 14). These 
implied 8I3C values were used to eliminate mass-balance 
models by comparing them to the expected range of -10.0 
to  16.6 per mil (derived from the recharge samples and 
table 13). Except for one sample, the implied 8 I3C values 
for the initial water for all models range from -9.5 to 
-17.0 per mil (table 14), which is essentially the same as the 
expected range. Some models for sample 31 could be elimi 
nated because they implied 5I3C values for the initial water 
that were less than -24.0 per mil, which is substantially out 
side the expected range.

Carbon-14 ages of the carbonate saturated samples 
range from modern to 40,000 years (table 14). Uncertainty 
in the ground-water ages is caused by uncertainty in the car- 
bon-14 activity of the initial water and by differences 
among mass-balance models for a sample. Reasonable val 
ues for the initial water carbon-14 activity range from 50 to 
lOOpmc. This range introduces an uncertainty in the 
ground-water ages of about 6,000 years, or one half-life of 
carbon-14.

For most samples, the range in ages that results from 
differences among the mass-balance models is 2,000 years 
or less. Four samples have models that differ in carbon-14 
age by more than 2,500 years. For each of these samples, 
the model with the youngest age (table 14) is one that dis 
solves dolomite and precipitates calcite.

The calculated carbon-14 ages could be too old if 
recrystallization or solid-liquid isotopic exchange occurs 
between carbonate minerals and ground water. The amount 
of isotopic exchange that is consistent with the 5I3C data 
could not be quantified because many of the ground-water 
5 I3C measurements are close to isotopic equilibrium with 
dolomite and calcite. Thus, a large quantity of isotopic 
exchange would produce little or no change in the 513C of 
the ground water. Solid-liquid isotopic exchange has been 
discounted because of the limited quantity of calcite in the 
aquifer and because no petrographic evidence of calcite 
recrystallization or dedolomitization is available. Other pro 
cesses that could make the calculated carbon-14 ages too 
old are diffusion of carbon-14 into dead-end pores, the 
presence of very slow moving zones of the flow system 
(Sudicky and Frind, 1981), or sorption of carbon-14 on the 
surfaces of aquifer material. The importance of these pro 
cesses cannot be evaluated by using the available data.

The ground-water ages can be corroborated qualita 
tively by examining the 5D measurements of the ground- 
water samples. 8D values are expected to have been lighter 
in the past because of a cooler climate during the last glacia- 
tion. 5D is plotted against the minimum ages of table 14

-25

Nonparametric smooth of the data

5,000 10,000 15,000 20,000 25,000 30,000 35,000 

TRITIUM OR MINIMUM CARBON-14 AGE, IN YEARS

Figure 23. Relation between deuterium and tritium or minimum 
carbon-14 age in water samples from the Central Oklahoma aquifer.

(fig. 23); recharge samples also are plotted. The curve 
shown is a smooth of the data (method 3RSSH; P-STAT, 
Inc., 1989). The minimum ages listed in table 14 were used 
because they produced the youngest ages for the plateau of 
minimum 5D values, which should correspond with the gla 
cial maximum. The age of the glacial maximum is qualita 
tively consistent with the results for ground water in New 
Mexico (Phillips, Peelers, and Tansey, 1986), European 
ground waters (Rozanski, 1985), and, by assuming that 5I8O 
is directly proportional to 8D, coral reefs in the Caribbean 
Sea (Fairbanks, 1989) and Antarctic ice cores (Lorius and 
others, 1985). All these records demonstrate a transition 
from the glacial to the present interglacial period. The 
records show (or imply in 818O records) 8D that is 10 to 
30 per mil lighter than modern values until the transition to 
heavier, modern values that began from 15,000 to 5,000 
years ago.

Discussion

The mass-balance models indicate that the predomi 
nant reaction that occurs in the aquifer after equilibration 
with carbonate minerals is cation exchange. The mass-bal 
ance models also indicate dissolution of minor quantities of 
dolomite, plagioclase, potassium feldspar, chlorite, and 
biotite and precipitation of kaolinite and, perhaps, a pure sil 
ica phase. Gypsum dissolution can account for increases in 
sulfate concentrations. Chloride concentrations can be 
accounted for by mass transfers of brine; variations in brine 
mass transfers among the samples indicate that introduction 
of brines into ground water occurs under specific local con 
ditions within the aquifer.

Quantities of cation exchange in the unconfined part 
of the Garber Sandstone and Wellington Formation are 
small (generally less than about 2 mmol/L) and are similar
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to the mass transfers for the recharge samples. Sodium gen 
erally is not the dominant cation in water from this part of 
the aquifer; the major ions here are calcium, magnesium, 
and bicarbonate, and pH values generally range from 7.3 to 
7.8. Mass transfers of cation exchange in the confined part 
of the Garber Sandstone and Wellington Formation and in 
the Chase, Council Grove, and Admire Groups are larger 
(generally greater than 2 mmol/L). Cation exchange gener 
ally causes sodium to be the dominant cation in these parts 
of the aquifer, bicarbonate is the dominant anion, and pH 
values generally are 8.6 to 9.1.

The cation-exchange reaction puts calcium and mag 
nesium onto the clays and releases sodium into solution. 
The cation-exchange measurements on clay samples are 
consistent with this cation-exchange reaction. Clay minerals 
with sufficient cation-exchange capacity and large concen 
trations of exchangeable sodium have been identified in 
core samples (table 6). The loss of calcium and magnesium 
from solution owing to the exchange reaction should cause 
some dissolution of carbonate minerals to maintain equilib 
rium. Reaction-path modeling indicates that less than 
0.5 mmol/L of dolomite dissolves to maintain equilibrium 
in response to several millimoles of cation exchange. This 
quantity of dolomite dissolution is similar to the quantities 
in many of the mass-balance models. The dolomite dissolu 
tion produces equilibrium primarily by raising the pH, 
which increases the concentration of the carbonate ion. The 
large pH values for many of the samples from the confined 
Garber Sandstone and Wellington Formation and the Chase, 
Council Grove, and Admire Groups are attributed, in part, 
to dissolution of small quantities of dolomite. Dissolution of 
biotite, chlorite, plagioclase, and potassium feldspar also 
tends to increase the pH. Dissolution of these aluminosili- 
cate minerals is consistent with the mass-balance models 
and the petrographic information. Large supersaturations of 
dolomite and calcite in some samples precludes dolomite or 
calcite dissolution. These supersaturations indicate dissolu 
tion of one or more of the aluminosilicate minerals.

Three of the four samples with mass transfers of gyp 
sum of greater than 1 mmol/L were from wells in the west 
ernmost part of the aquifer. This area is confined by the 
Hennessey Group, which has large concentrations of sulfate 
in its ground water (figs. 9, 11). The large gypsum mass 
transfers in the three samples may indicate leakage of sul- 
fate-rich ground water from the Hennessey Group. The 
other sample with mass transfer of gypsum of greater than 
1 mmol/L and a sulfate concentration of greater than 
1 mmol/L was from the Chase, Council Grove, and Admire 
Groups. Samples from test hole 5, which was drilled in the 
Chase, Council Grove, and Admire Groups, also had large 
concentrations of sulfate. These large concentrations of sul 
fate may indicate that gypsum is present locally within the 
Chase, Council Grove, and Admire Groups.

The mass-balance models were tested to determine 
whether they implied initial water 6 13C within the range

from  10.0 to -16.6 that was estimated from an analysis of 
the recharge samples. Except for some models for one sam 
ple, all the models implied 813C (table 14) near the expected 
range, which indicates that the models are consistent with 
the available 6 !3C data.

The carbon-14 ages for the carbonate-saturated sam 
ples are thousands to tens of thousands of years. Samples 
from the unconfined Garber Sandstone and Wellington For 
mation have minimum ages that generally are less than 
10,000 years (table 14). Samples from the confined Garber 
Sandstone and Wellington Formation have minimum ages 
that generally are greater than 10.000 years. All the ages 
have uncertainties of about 6,000 years because the appro 
priate carbon-14 activity in the unsaturated and the shallow, 
saturated zone is not known. Differences among mass-bal 
ance models can cause the carbon-14 ages to differ by sev 
eral thousand years for a sample, but generally the 
differences in ages from this cause are less than 2.000 years. 
The decrease in §D values with calculated carbon-14 age 
(fig. 23) is qualitatively consistent with other investigations, 
which corroborates the carbon-14 ages. Solid-liquid iso- 
topic exchange and other processes that could cause the car 
bon-14 ages to be too old were assumed not to occur in the 
aquifer. If any of these processes do occur, then the ground- 
water ages could be substantially younger.

GEOHYDROLOGY

The purpose of the geohydrologic investigation is to 
describe the major elements of the geohydrology of the 
Central Oklahoma aquifer. These elements include the 
geometry, stratigraphy, lithology, and hydraulic properties 
of the aquifer's geohydrologic units; the distribution of 
hydraulic head; and the rate of recharge and discharge. As 
part of the investigation a conceptual model of the aquifer 
was developed, which, in turn, was used to develop a 
numerical flow model. The numerical flow model was used 
with a particle-tracking model to determine flowlines and 
times of travel within the aquifer. The flow model was cali 
brated to be consistent with hydraulic heads measured in the 
aquifer, as well as ground-water ages (that is, the residence 
time since recharge) and sulfate concentrations.

Potentiometric Surface

A potentiometric surface represents static head, 
where head is defined by the level to which water will rise 
in a tightly cased well. A potentiometric-surface map can be 
constructed by contouring measurements of static head in 
wells. Where most of the flow is horizontal, a potentiomet 
ric-surface map can be used to infer the direction of ground- 
water flow. However, in an aquifer with substantial vertical 
flow, different heads will be observed in wells at a particular 
location but completed at different depths, and no single
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potentiometric surface can be mapped to represent the 
three-dimensional distribution of head. Thus, inferring the 
direction of ground-water flow is difficult. In the Central 
Oklahoma aquifer, head changes with depth in much of the 
aquifer, and vertical flow is considered to be substantial.

No attempt was made to construct a potentiometric- 
surface map for the deep parts of the Central Oklahoma 
aquifer. Wells drilled for water supplies in the aquifer fre 
quently are constructed by gravel packing over long inter 
vals and perforating, slotting, or screening in more than one 
sandstone layer, each of which has a different head. In wells 
with this type of construction, the head measured in the well 
is between the highest and lowest head in the sandstone lay 
ers intercepted by the well. Because most of the deep wells 
in the aquifer are constructed with long gravel packs and 
multiple open intervals (open intervals are those zones in 
the well that are screened, slotted, or perforated), no potenti- 
ometnc-surface map could be constructed for the deep 
zones of the aquifer.

A potentiometric surface was determined for the shal 
low parts of the Central Oklahoma aquifer by measuring 
water levels in shallow water wells. The levels were mea 
sured from December 22, 1986, through April 24, 1987, 
from the shallowest wells that could be located, regardless 
of the geologic unit in which the wells were completed 
(fig. 24). The potentiometric surface derived from the water 
levels in these wells approximates the upper limit of the 
zone of saturation, which sometimes is referred to as the 
"water table."

Examination of the water-table map reveals a great 
deal about the basic geohydrology of the Central Oklahoma 
aquifer. The most obvious feature is the general west-to-east 
trend of the slope of the water table. This slope is inter 
preted to mean that the regional trend in shallow ground- 
water flow is from west to east. This trend extends to the 
western and eastern limits of the study area, which indicates 
that some volume of shallow ground water is entering the 
study unit from the west and some is discharging to the east.

Although the general trend of the water table is to 
slope from west to east, local variation is considerable. 
Much of the local variation is caused by ground water that 
discharges to perennial streams. The most obvious example 
is the water table in the vicinity of the Deep Fork in Okla 
homa County. The water table slopes steeply toward this 
stream, and the "V" of each potentiometric contour points 
upstream, which indicates-that the Deep Fork is a major 
drain for the ground-water flow system.

The potentiometric contours do not "V" substantially 
in the vicinity of the North Canadian River, which indicates 
that there is little exchange of water between the aquifer and 
the North Canadian River. The North Canadian River is one 
of the larger streams in the study area on the basis of the size 
of its drainage basin, and it is much larger than the Deep 
Fork, which is a tributary to the North Canadian River. In

many hydrologic systems, the main stream would be the 
principal discharge for the ground-water flow system 
because the main stream is at a lower altitude than the tribu 
tary and, thus, is the drain with the lowest head. In central 
Oklahoma, the situation is reversed the Deep Fork is 
about 100 ft lower in altitude where the two streams are 
close together. Thus, the Deep Fork is thought to be the 
major drain for the regional ground-water flow system in 
the northern one-half of the study unit.

The water-table map shows that there are no streams 
that are major sources of water to the ground-water flow 
system. For streams that are sources of water to the ground- 
water flow system, the "V" of each potentiometric contour 
points downstream. This configuration is not evident to any 
substantial degree in figure 24.

Although ground-water withdrawals from the Central 
Oklahoma aquifer are substantial (more than 5 billion gal 
lons per year every year since 1968), no large cone of 
depression is observed. Most large-capacity wells withdraw 
water from deep in the aquifer, and Havens (1989) docu 
mented the presence of some cones of depression at depth in 
the Garber Sandstone. However, the withdrawals from deep 
in the aquifer had not caused drawdowns in the water table 
when the water table map was prepared in 1987.

Hydraulic Properties

Data on the hydraulic properties for geohydrologic 
units of the Central Oklahoma aquifer were available from 
Wood and Burton (1968); the U.S. Geological Survey's 
National Water Information System (NWIS) data base; 
Gates, Marsh, and Fryberger (1983); drillers' logs supplied 
by the Oklahoma Water Resources Board; and some limited 
hydraulic testing done as part of the Central Oklahoma 
aquifer NAWQA project. Lktle testing was done because 
this project is primarily concerned with the quality of the 
water in the aquifer and because data were available from 
the other sources.

Specific Capacity

The ability of a well to yield water is measured by its 
specific capacity, which is computed by dividing well yield 
by drawdown. In the United States, yield commonly is mea 
sured in gallons per minute and drawdown commonly is 
measured in feet, so the units of specific capacity are gal 
lons per minute per foot of drawdown. Specific capacity is a 
function of the hydraulic characteristics of the well and the 
geohydrologic units in which the well is completed. In gen 
eral, larger diameter wells will have a greater specific 
capacity than smaller diameter wells of equal depth in the 
same aquifer. Conversely, assuming the wells are con 
structed in a similar manner, a well with a greater specific
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capacity indicates a greater transmissivity than a well with a 
lesser specific capacity.

Specific-capacity data from all sources are summa 
rized in table 15. Wood and Burton (1968) considered data 
from 51 municipal wells, most of which were from 700 to 
800 ft deep and were located in the central Oklahoma urban 
corridor along the western boundary of the study area from 
Norman to Edmond (fig. 2). All wells were completed in the 
Garber Sandstone and Wellington Formation. Specific 
capacities calculated from these data ranged from 0.63 to 
3.3 (gal/min)/ft; the median was 1.3 (gal/min)/ft.

Specific capacities available from the NWIS data 
base also are summarized in table 15. The NWIS data base 
had entries for 63 wells for which specific capacities had 
been computed; all were completed in the Garber Sand 
stone, the Wellington Formation, or both. The wells are a 
mixture of domestic and municipal wells and ranged in 
depth from 20 to 1,090 ft. Specific capacities ranged from 
0.16 to 15 (gal/min)/ft: the median was 1.1 (gal/min)/ft. 
Specific capacities from Gates, Marsh, and Fryberger 
(1983) were available from 28 wells, all of which were 
high-capacity municipal wells in the urban corridor along 
the western boundary of the study area from Norman 
to Edmond. Specific capacities ranged from 0.57 to 4.3 
(gal/min)/ft; the median was 1.3 (gal/min)/ft (table 15).

The last source of specific-capacity data was drillers' 
logs received from the Oklahoma Water Resources Board. 
A total of 2,806 drillers' logs were received from the Board 
for Cleveland, Lincoln, Logan, Oklahoma, and Pottawat- 
omie Counties. Of these wells, 297 had sufficient informa 
tion to calculate specific capacity. Of the 297 wells, 203 
were domestic wells, 59 were municipal wells, 19 were 
industrial wells, and 16 were for various other uses. Of the 
297 wells, 252 wells were completed in the Garber Sand 
stone, the Wellington Formation, or both; 14 in the Chase, 
Council Grove, and Admire Groups; 13 in alluvium and ter 
race deposits; 7 in the Hennessey Group; and 11 in the El 
Reno Group or Vanoss Formation. The wells were areally 
distributed throughout the entire study unit, as opposed to 
the restricted distribution of the other sources of specific- 
capacity data. To compare specific capacities from drillers' 
logs with the other specific-capacity data for municipal 
wells, specific capacities were calculated first for municipal 
wells greater than 500 ft deep completed in either the Gar 
ber Sandstone, the Wellington Formation, or both. For the 
32 deep municipal wells, specific capacities ranged from 
0.58 to 3.5 (gal/min)/ft; the median was 1.8 (gal/min)/ft 
(table 15). For all 252 wells completed in the Garber Sand 
stone and Wellington Formation that had drillers' logs with 
sufficient information to calculate specific capacities, 
specific capacities ranged from 0.050 to 5.0 (gal/min)/ft; 
the median was 0.45 (gal/min)/ft. Specific capacities in the 
Chase, Council Grove, and Admire Groups ranged from 
0.025 to 2.4 (gal/min)/ft; the median was 0.36 (gal/min)/ft.

Transmissivity

Transmissivity is the rate at which water of the pre 
vailing kinematic viscosity is transmitted through a unit 
width of the aquifer under a unit hydraulic gradient 
(Lohman, 1972). The transmissivity of the Central Okla 
homa aquifer was estimated from aquifer tests and specific- 
capacity data.

Gates, Marsh, and Fryberger (1983) calculated trans- 
missivities from aquifer tests. The aquifer-test transmissivi- 
ties were from high-capacity municipal wells in the urban 
corridor along the western boundary of the study area. 
Transmissivities ranged from 22 to 940 ft2/d; the median 
was 350 ftVd.

Transmissivity was calculated from specific-capacity 
data by a method described in Heath (1982) by using spe 
cific-capacity data from Wood and Burton (1968). the 
NWIS data base, and drillers' log data. Drillers' log data 
were used only for municipal wells that were greater than 
500 ft deep because these wells intercept a large percentage 
of the total aquifer thickness. In central Oklahoma, wells are 
completed some distance above the base of the aquifer to 
avoid the upconing of saline water into the well. Thus, all 
the calculated transmissivities are somewhat less than the 
actual transmissivity because, by definition, it is for the 
entire aquifer thickness.

The Theis nonequilibrium equation (Theis, Brown, 
and Meyer, 1954) can be arranged in a form convenient for 
deriving transmissivity from specific capacity as follows:

r _
/  4n 0)

where T is transmissivity, Q/s is specific capacity (Q is the 
discharge of the well, and s is the drawdown in the well), 
and W(u) is the well function of u where u is equal to the 
following:

u = Ss
4Tt' (2)

where r is the effective radius of the well, S is the aquifer 
storage coefficient, and t is the length of the pumping period 
that precedes the determination of specific capacity.

For convenience in using equation 1, W(u)/4n is 
expressed as a constant. To do so, it is necessary to deter 
mine values for u and, by using a table of values of u and 
W(u), the corresponding values for W(u).

Values for u are determined by substituting in equa 
tion 2 values of T, S, r, and t that are representative of condi 
tions in the study unit. T and 5 were taken as the medians of 
the aquifer-test data in Gates, Marsh, and Fryberger (1983), 
and t and r were taken to be the medians of the municipal 
wells that are greater than 500 ft deep for which specific- 
capacity data were available from drillers' logs. Only 
municipal wells that were deeper than 500 ft were used 
because these are the type of wells described in Gates,
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Table 15. Summary statistics of specific-capacity, transmissivity, and hydraulic-conductivity data for wells completed in 
the Central Oklahoma aquifer

[d, day; ft, feet; gal, gallons; min, minute. Source of data: NWIS. U.S. Geological Survey's National Water Information System data base; WB. 
Wood and Burton (1968); GMF, Gates, Marsh, and Fryberger (1983); DM, drillers' logs from municipal wells that are greater than 500 ft deep; D, 
drillers' logs. Geologic unit: GbWg, Garber Sandstone and Wellington Formation, undivided; CCGA, Chase, Council Grove, and Admire Groups, 
undivided]

Hydraulic property

Specific capacity 
[(gal/min)/ftl.

Transmissivity 
(ft2/d).

Geohydrologic-unit 
hydraulic conduc 
tivity (ft/d).

Source of 
data

WB 
NWIS
GMF
DM
D
D

WB 
NWIS
GMF
DM

WB 
GMF 
DM
D
D

Geologic unit

GbWg 
GbWg
GbWg
GbWg
GbWg

CCGA

GbWg 
GbWg
GbWg
GbWg

GbWg 
GbWg 
GbWg

GbWg
CCGA

Sample size

51 
63
28
32

252
14

51 
63
28
32

51 
18 
32

251
14

Minimum

0.63 
.16
.57
.58
.050
.025

150 
39
22

140

.51 

.48 

.30

.090

.29

25th 
percentile

0.91 
.86

1.0
1.1

.21

080

220 
210
230
270

.64 
1.6
1.3
1.5
.62

Median

1.3 
1.1
1.3
1.8

.45

.36

290 
260
350
450

.93
2.2 
1.5
3.0
1.3

75th 
percentile

1.9 
1.8
2.0
2.1
l.l
.99

460
430
500
520

1.3 
2.8 
1.9
5.5
4.9

Maximum

3.3 
15
4.3
3.5
5.0
2.4

800 
3,600

940
850

4.8 
4.8 
7.1

60
29

Sandstone hydraulic 
conductivity (ft/d).

D GbWg 160 .16 2.5 4.5 9.7 120

Marsh, and Fryberger (1983). The aquifer parameters sub 
stituted into equation 2 were T= 350 ftVd, 5 = 2.0 x 10~\ r 
= 8.75 in., and t - 24 hours.

Converting to consistent units and substituting into 
equation 2, u equals 7.60 x 10~ K . From a table of Wlu) for u 
(Heath, 1982, p. 35), W<u) is equal to 15.81. By substituting 
into equation 1, T= 1.26 Q/s in consistent units. Transmis 
sivity frequently is reported in units of either gallons per 
day per foot or square foot per day, and specific capacity is 
reported in units of gallons per minute per foot of draw 
down. By applying the appropriate conversion factors to 
derive transmissivity in gallons per day per foot, T = 1,810 
Q/s, and in square foot per day, T= 242 Q/s.

The transmissivities derived from the specific capaci 
ties are summarized in table 15. Those calculated from the 
specific capacities in Wood and Burton (1968) ranged from 
150 to 800 ft2/d; the median was 290 ft2/d. Transmissivities 
calculated from the specific capacities in the NWIS data 
base ranged from 39 to 3,600 ft2/d; the median was 260 
ftVd. The NWIS data have a small interquartile range (210- 
430 iVYd), but the difference between the smallest and larg 
est transmissivities is quite large. The largest transmissivity 
is an outlier and is not considered to be representative of the 
Garber Sandstone and Wellington Formation. Transmissivi

ties calculated from specific capacities from drillers' logs 
for municipal wells deeper than 500 ft completed in the 
Garber Sandstone and Wellington Formation ranged from 
140 to 850 ft2/d; the median was 450 ft2/d.

Hydraulic Conductivity

Under ideal conditions, transmissivity is calculated 
for a well that fully penetrates the entire thickness of a 
homogeneous aquifer; hydraulic conductivity can then be 
calculated by dividing transmissivity by the aquifer thick 
ness. However, ideal conditions are not present in the Cen 
tral Oklahoma aquifer. Most wells do not fully penetrate the 
entire thickness of the aquifer to avoid penetrating brines in 
the deeper zones of the aquifer and to avoid upconing of 
these brines into the fresh water. Further, the Central Okla 
homa aquifer, which consists of interbedded sandstones, 
siltstones, and mudstones, is not homogeneous; different 
hydraulic conductivities apply to different lithologic units.

Most of the water withdrawn from the Central Okla 
homa aquifer is derived from the most transmissive units, 
which are sandstones. One method of calculating hydraulic 
conductivity is to divide the transmissivity by the combined 
thickness of all sandstone units intercepted. Hydraulic con-
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ductivity calculated in this manner is the weighted mean 
hydraulic conductivity of the sandstone geologic units and 
is referred to as "sandstone hydraulic conductivity" in this 
report. An alternative method is to divide transmissivity by 
the open (screened, slotted, or perforated) interval in the 
well. Hydraulic conductivity calculated in this manner is a 
weighted mean for all geohydrologic units along the entire 
open interval and is referred to as "geohydrologic-unit 
hydraulic conductivity" in this report. In wells open only to 
sandstones, sandstone hydraulic conductivity is equal to 
geohydrologic-unit hydraulic conductivity. However, many 
wells completed in the Central Oklahoma aquifer are open 
over long intervals that include siltstones and mudstones in 
addition to sandstones, and many wells are not open to all 
available sandstones. For these wells, sandstone and geohy 
drologic-unit hydraulic conductivity are not equal. Sand 
stone and geohydrologic-unit hydraulic conductivity were 
calculated, where possible, and the results are summarized 
in table 15.

The data from Wood and Burton (1968) only included 
the top and bottom parts of the open interval in the wells 
tested, so only geohydrologic-unit hydraulic conductivity 
could be computed. These geohydrologic-unit hydraulic 
conductivities ranged from 0.51 to 4.8 ft/d; the median was 
0.93 ft/d. The data from the NWIS data base could not be 
used to calculate hydraulic conductivity because no infor 
mation was available for the open interval in the well. 
Hydraulic conductivity had been calculated in Gates, 
Marsh, and Fryberger (1983), but they included no informa 
tion about open intervals or the total quantity of sandstone 
penetrated. Because of the limited data included with their 
report, it is not possible to tell if this is geohydrologic-unit 
or sandstone hydraulic conductivity. The data from Gates, 
Marsh, and Fryberger (1983) are listed in table 15 as geohy 
drologic-unit hydraulic conductivity because the range of 
data is similar to that of Wood and Burton (1968).

Geohydrologic-unit hydraulic conductivities were 
calculated from specific-capacity data on drillers' logs for 
251 wells completed in the Garber Sandstone and Welling 
ton Formation. Geohydrologic-unit hydraulic conductivity 
ranged from 0.090 to 60 ft/d; the median was 3.0 ft/d. Geo 
hydrologic-unit hydraulic conductivity for 32 municipal 
wells completed in the Garber Sandstone and Wellington 
Formation deeper than 500 ft ranged from 0.30 to 7.1 ft/d; 
the median was 1.5 ft/d. Geohydrologic-unit hydraulic con 
ductivity for 14 wells completed in the undivided Chase, 
Council Grove, and Admire Groups ranged from 0.29 to 29 
ft/d; the median was 1.3 ft/d. Because many of the wells 
used to calculate hydraulic conductivity from the drillers' 
log data are less than 300 ft deep, the wells do not penetrate 
a large fraction of the total aquifer thickness. Thus, the cal 
culated hydraulic conductivity is representative of only that 
fraction of the geohydrologic unit penetrated.

The drillers' logs included data concerning open 
intervals and lithologic descriptions .of the geology pene

trated during drilling. However, the lithologic descriptions 
were very general, and the lithology was described in very 
simple terms. Geohydrologic-unit and sandstone hydraulic 
conductivities were calculated after applying some quality- 
assurance checks to the lithologies reported on the drillers' 
logs (drillers' logs were eliminated if the lithologic data 
were not sufficiently specific). After quality-assurance 
checking of the lithologic data, the only category with suffi 
cient data to calculate sandstone hydraulic conductivity was 
wells of all uses completed in the Garber Sandstone and 
Wellington Formation. Sandstone hydraulic conductivity for 
160 wells ranged from 0.16 to 120 ft/d; the median was 4.5 
ft/d. Plotting geohydrologic-unit and sandstone hydraulic 
conductivities on a map showed no obvious trends or pat 
terns.

The median geohydrologic-unit hydraulic conductiv 
ity from drillers' log data of the Chase, Council Grove, and 
Admire Groups is 43 percent of the median geohydrologic- 
unit hydraulic conductivity of the Garber Sandstone and 
Wellington Formation. The median sandstone percentage of 
the Chase, Council Grove, and Admire Groups is 43 percent 
of the median sandstone percentage of the Garber Sand 
stone and Wellington Formation. It is possible that the sand 
stone hydraulic conductivities of both geohydrologic units 
are approximately equal and that the geohydrologic-unit 
hydraulic conductivity is smaller in the Chase, Council 
Grove, and Admire Groups because there is less sandstone.

No estimates for the vertical hydraulic conductivity 
of the Central Oklahoma aquifer could be found in the liter 
ature, and no measurements of vertical hydraulic conductiv 
ity were made during this investigation. Vertical hydraulic 
conductivity commonly is expressed as a ratio of horizontal 
to vertical hydraulic conductivity, k//k,,. The literature con 
tains a large range for this ratio. For example. Weeks (1969) 
determined it to be 2 in glacial outwash deposits, and 
Williamson, Grubb, and Weiss (1990) determined it to be 
as large as 210,000 for coastal-plain sediments. A range of 
k,/k,. for the Central Oklahoma aquifer of 100 to 10,000 was 
established by using a numerical flow model (see the sec 
tion "Flow Simulations").

Storage Coefficient and Porosity

Data for the storage coefficient of the Central Okla 
homa aquifer were available from aquifer tests described in 
Gates, Marsh, and Fryberger (1983). They calculated stor 
age coefficients for six aquifer tests, which ranged from 
0.0001 to 0.0004; the median was 0.0002. Storage coeffi 
cients in this range for an aquifer of the thickness of the 
Central Oklahoma aquifer are reasonable based on the elas 
ticity of water and the aquifer material (Jorgensen, 1980).

Porosity was determined by point counts for the sand 
stone strata in cores from seven test holes in the Central 
Oklahoma aquifer (Breit and others, 1990). Porosity ranged
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from 0.17 to 0.30; the median was 0.22. Breit and others 
(1990) did not list porosity data for nonsandstone strata.

Biases

All the sources of data used for calculating hydraulic 
properties had some inherent biases that were caused by 
well construction or location. The wells used in Wood and 
Burton (1968) were all high-capacity municipal wells, 
which biases the hydraulic properties toward larger numbers 
compared with domestic wells. Domestic wells have 
smaller specific capacities because the wells are smaller 
diameter, do not penetrate the aquifer completely, and have 
short open intervals. However, when compared with other 
municipal wells, the hydraulic properties calculated from 
Wood and Burton's data are thought to be systematically 
biased toward small numbers because of the well-comple 
tion practices commonly in use at the time. Wells described 
in Wood and Burton (1968) probably were completed by 
gun-perforating or slotting the casing instead of using well 
screens. Perforated wells completed in the Garber Sand 
stone and Wellington Formation typically have specific 
capacities two to three times smaller than screened wells 
(Carr and Marcher, 1977). Wells with smaller specific 
capacities have smaller calculated transmissivities and 
hydraulic conductivities.

Hydraulic properties calculated from the NWIS data 
base are thought to be biased toward smaller numbers 
because many of the wells are older slotted or gun-perfo 
rated municipal wells and domestic wells. Because only the 
hydraulic properties and not the original data were available 
from Gates, Marsh, and Fryberger (1983), their data for 
well-construction biases could not be evaluated. Most of the 
drillers' log wells were domestic wells, which biases these 
data toward smaller hydraulic properties. However, many of 
the drillers' log wells were newer wells and were screened 
instead of perforated, which results in larger hydraulic prop 
erties than those computed from older perforated wells.

The wells from Wood and Burton (1968), Gates, 
Marsh, and Fryberger (1983), and driller's logs for munici 
pal wells were located in the central Oklahoma urban corri 
dor and thus contain a spatial bias. Because the aquifer is 
thickest in the urban corridor, the hydraulic properties are 
biased toward larger numbers. The hydraulic conductivities 
calculated from drillers' logs are thought to be the least 
biased because the sample size is largest and the wells have 
the widest spatial distribution of all the data sources exam 
ined in this report.

Recharge

For this study, recharge is defined as the addition of 
water to the saturated ground-water flow system at the 
upper limit of the zone of saturation. Two processes account

for recharge to the Central Oklahoma aquifer system infil 
tration of surface water through stream channels or lake 
beds and infiltration of precipitation through the unsaturated 
zone. The infiltration of surface water is thought to account 
for only a small volume of the total recharge because the 
water-table map (fig. 24) does not indicate large areas 
where streams are losing water to the aquifer.

The infiltration of precipitation is thought to account 
for most of the recharge to the Central Oklahoma aquifer. 
The term "recharge rate" is used to express recharge from 
precipitation as the equivalent thickness of a layer of water 
that infiltrates through the unsaturated zone in a given time. 
The units are length per time; this report uses inches per 
year. Factors that affect quantity of recharge at any location 
include the amount and rate of precipitation, the vertical 
hydraulic conductivity and moisture capacity of the unsatur 
ated zone, and the slope of the land surface. The recharge 
rate is difficult to quantify because it varies substantially 
across the aquifer and is difficult to measure directly. The 
recharge rate at a site can be inferred from measurements of 
moisture content in the unsaturated zone by using soil tensi- 
ometers, electrical resistance cells, neutron probes, or other 
devices. However, no site-specific measurements of 
recharge for the Central Oklahoma aquifer were found in 
the literature, and none were done for this study.

Another technique for measuring recharge is to mea 
sure discharge from the aquifer in areas where the aquifer is 
in or nearly in a steady-state condition. Where an aquifer is 
in a steady-state condition, discharge is equal to recharge. 
Discharge from the aquifer consists of transpiration by 
plants, withdrawals by wells, and natural discharge to 
streams. Transpiration is minimal during the winter months, 
when plants are dormant. There are small drainage basins in 
rural areas of the Central Oklahoma aquifer where with 
drawals consist of pumpage from only a few domestic 
wells. In these small drainage basins during the winter 
months, the aquifer was assumed to be in a steady-state con 
dition and the stream discharge was considered to be equal 
to recharge.

The streams that were selected for measurement (fig. 
25) had drainage basins entirely within the Central Okla 
homa aquifer, were not regulated, and did not have with 
drawals of surface water, discharges from sewage-treatment 
plants, or substantial ground-water withdrawals within the 
drainage basin. All large streams were eliminated as candi 
dates for measurement because these conditions were not 
met. Measurements were made in the winter, when vegeta 
tion was dormant and transpiration was minimal, and after 
surface-water runoff from storm events had dissipated, so 
the entire flow in the stream channels was inferred to be 
ground-water discharge. Discharge measurements made 
during such conditions are described as "base-flow" dis 
charge measurements and are listed in table 16.

Recharge rates were calculated from the streamflow- 
discharge measurements by dividing the discharge by the
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Figure 25. Locations of streamflow-measurement sites used for calculating recharge.
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Table 16. Base-flow discharge measurements and calculated recharge rates from selected small streams in central 
Oklahoma

[mi2, square miles; ft3/s, cubic feet per second; in/yr, inches per year; -. recharge not calculated because of evapotranspiration]

identifier Stream Drainage area (mi2)

07229320 Little Buckhead Creek...... 2.40

07229325 Buckhead Creek ............... 19.20

07229360 Pond Creek. ...................... 10.70

07229365 .............do........................ 27.60

07230200 Pecan Creek...................... 15.50

07230205 .............do........................ 37.40

07230300 Jim Creek ......................... 7.46

07230302 .............do........................ 11.20

07241570 Deer Creek ....................... 15.30

07241580 Unnamed tributary 8.70
to Deer Creek.

D^p

0.19
.37
.00

1.77
4.48

.39

.74

2.78

.64
1.43

.05

2.05
4.14

.15

.72

.39

1.15
2.55

.00

3.17
5.60

.39
1.86
5.78

.83
1.47
.09

1.11
1.81
.18
.67

2.09

.22
1.36
.00

.16

.60

.00

Date

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88
12-05-88
03-16-89

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88
12-05-88
03-16-89

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88
12-05-88
03-16-89

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88
12-05-88
03-16-89

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88

Recharge rate
(in/yr)

1.08
2.11
-

1.25
3.17
~

.52

1.97

.81
1.82
--

1.01
2.04
-

.35

.19

1.01
2.23
-

1.15
2.03
-

.68
2.10

1.51
2.67
-

1.35
2.20
~

.81
2.53

.20
1.21
~

.25

.94
_.
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Table 16. Base-flow discharge measurements and calculated recharge rates from selected small streams in central 
Oklahoma Continued

identifier Stream

07241590 Deer Creek.... ...............

07242368 Wildhorse Creek

07242371 ............ do. ..................

07242375 West Captain Creek

07242376 ............ do. ..................

07242377 East Captain Creek

07242378 Captain Creek ..............

Drainage area (mi2) ' -.3 , ;*

40.40 0.85

4.96
.00
.73

4.87

9.50 2.44

2.83
.72

18.20 3.07
4.06

.86
2.89
3.82

28.60 4.66

7.06
1.16

34.80 4.71

8.27
.98

12.40 .66

1.82
.11

57.90 7.09

10.90
1.13
6.11

11.40

Date

12-10-87
02-25-88
09-01-88
12-05-88
03-16-89

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88
12-05-88
03-16-89

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88

12-10-87
02-25-88
09-01-88
12-05-88
03-16-89

Recharge rate
(in/yr)

0.29

1.67
-

.25
1.64

3.49
4.05
-

2.29
3.03
-

2.16
2.85

2.21
3.35

--

1.84
3.23

--

.72
1.99
--

1.66
2.56
-

1.43
2.67

area of the drainage basin. Recharge rates range from 0.19 
in/yr for one measurement at Pond Creek to 4.05 in/yr for 
one measurement at Wildhorse Creek. The median recharge 
rate for each measurement site ranges from 0.60 in/yr on the 
unnamed tributary to Deer Creek to 3.77 in/yr on Wildhorse 
Creek. The median of the median recharge rates at all sites 
is 1.61 in/yr.

Pettyjohn and Miller (1982) estimated recharge in 
central Oklahoma by using hydrograph-separation methods 
with stream-discharge data from USGS gages (fig. 25) to 
separate surface-water runoff from ground-water discharge 
to streams. They assumed that ground-water discharge was 
equal to recharge and, thus, concluded that for the "Garber- 
Welhngton aquifer," the average recharge rate was about 
2.11 in/yr. Examination of their results for streams and

gages that are entirely or mostly within the Central Okla 
homa study unit indicates large variance for different 
streams, different hydrograph-separation methods, and dif 
ferent years (table 17). Recharge ranged from a minimum of 
0.03 in/yr on Little River in 1978 and 1979 to a maximum 
of 8.33 in/yr on the Deep Fork in 1979.

Total recharge to the Central Oklahoma aquifer was 
estimated by multiplying the recharge rate by the area of the 
unconfined part of the aquifer, which includes the outcrops 
of the Garber Sandstone; the Wellington Formation; the 
Chase, Council Grove, and Admire Groups; and alluvium 
and terrace deposits. The area of the unconfined part of the 
aquifer is about 2,600 mi2. Assuming a recharge rate of 1.61 
in/yr, the total recharge is about 300 ft3/s.
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Table 17. Recharge rates estimated by hydrograph separation

[Method: I, fixed interval: 2, sliding interval: 3, local minima. From Pettyjohn and Miller, 1982]

Site identifier Stream Method

1973

Recharge rate, in inches per year

1976 1978 1979

07230000 Little River

07230500 ...... do. .............

07242350 Deep Fork

07243000 Dry Creek

1
2
3

1
2
3

1
2
3

1
2
3

1.23
1.39

.59

2.90
3.03
2.65

5.11
5.12
4.75

1.32
1.32
1.25

0.05
.05

.05

.33

.33

.32

3.51
3.50
3.48

.98

.096

.90

0.03
.03
.03

.18

.17

.13

3.29
3.30
3.20

.17

.16

.15

0.28
.29
.03

1.54
1.25
.70

8.33
8.32
5.40

1.38
1.41
.26

There are limitations to estimating recharge from 
stream discharge. The small drainage basins in which dis 
charge measurements were made have Permian geologic 
units and alluvium within the basin boundaries. The 
recharge rate to the alluvium probably is greater than to the 
Permian geologic units because the alluvium is unconsoli- 
dated and contains a large amount of sand and some gravel. 
Thus, the calculated recharge rate probably represents a rate 
between the recharge rate to the alluvium and the rate to the 
Permian geologic units.

Another limitation to using stream discharge to esti 
mate recharge is the presence of regional and local flow sys 
tems. Toth (1963) described how topography can create 
local and regional flow systems within an aquifer. The local 
flow system is the ground water that discharges to the near 
est stream in the drainage basin, and the regional flow sys 
tem is ground water that flows under drainage basins to 
discharge to streams at lower altitude. When calculating 
recharge by dividing stream discharge by the area of the 
drainage basin, the assumption is that all the recharge in a 
drainage basin is discharging to the local flow system.

A regional flow system is inferred to exist in the Cen 
tral Oklahoma aquifer; some drainage basins on the aquifer 
are thought to function either as sources or sinks to the 
regional flow system. Ground-water discharge to a stream 
will be either less than or greater than the total recharge to 
the basin, depending on whether the local flow system is 
losing or gaining ground water from the regional flow sys 
tem, and the recharge rate inferred from ground-water dis 
charge will be either less than or greater than the actual

recharge rate. For example, the Deep Fork and its tributaries 
are at lower altitudes than other nearby streams and consis 
tently have recharge rates greater than the median recharge 
rate. The Deep Fork is inferred to function as a drain for the 
regional ground-water flow system.

Ground-Water Discharge

Ground-water discharge from the Central Oklahoma 
aquifer can be classified into three different categories  
discharge to streams, evapotranspiration, and withdrawals.

Discharge to Streams

At the present time (1992), measuring total ground- 
water discharge to streams is complicated by the presence of 
reservoirs, sewage discharges, interbasin transfers of water 
(Oklahoma City imports large volumes of water from drain 
age basins outside the Central Oklahoma aquifer study 
unit), and numerous other factors. As discussed in the 
"Recharge" section, some discharge measurements were 
made for small streams, but none were made for large 
streams in the study unit. Determining the total ground- 
water discharge to streams was outside the scope of this 
investigation. However, prior to the development of ground- 
water withdrawals, the total ground-water discharge proba 
bly was close to the estimated total recharge of 300 ft-Vs. 
Ground-water withdrawals probably have decreased 
ground-water discharge to streams, but the magnitude of 
this decrease is not known.
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Evapotranspiration Withdrawals

Evapotranspiration takes place from the unsaturated 
soil zone throughout the entire Central Oklahoma aquifer, as 
well as from where the depth to ground water is shallow and 
plant roots penetrate to the zone of saturation, generally 
along streams. Precipitation that infiltrates the soil zone and 
is evapotranspired before reaching the saturated zone is not 
considered to be discharge from the Central Oklahoma aqui 
fer because the water never becomes part of the saturated 
ground-water flow system. This type of evapotranspiration 
can be estimated by subtracting surface-water runoff and 
ground-water recharge from total precipitation at a site. Pet- 
tyjohn. White, and Dunn (1983) estimate that precipitation 
averaged 30 in/yr, runoff averaged 4 in/yr, and recharge 
averaged 1 in/yr at the western limit of the Central Okla 
homa aquifer study area from 1970 through 1979; all num 
bers are rounded to one significant figure. Thus, evapo 
transpiration from the soil zone averaged 25 in/yr. Similarly, 
at the eastern limit of the study area, precipitation averaged 
36 in/yr, runoff averaged 5 in/yr, and recharge averaged 
2 in/yr, thus yielding an estimated evapotranspiration of 29 
in/yr.

Evapotranspiration that occurs along streams is con 
sidered to be discharge from the Central Oklahoma aquifer. 
Ground water that flows to a stream is intercepted by plant 
roots and is transpired or is evaporated through the soil as 
the ground water approaches the stream. This type of evapo 
transpiration generally occurs close to streams in the Cen 
tral Oklahoma aquifer because only near streams is the 
saturated ground-water flow system close enough to the 
land surface for evapotranspiration to be substantial. Evapo 
transpiration near streams can be quite substantial in sum 
mer months when plants transpire large volumes of water; 
transpiration is considered to be insignificant during winter 
months when many plants are dormant. Summer and winter 
base-flow stream-discharge measurements are shown in 
table 16. Although there is natural variability in base-flow 
stream discharge, the large differences between summer and 
winter measurements are attributable mainly to evapotrans 
piration.

Determining total or seasonal evapotranspiration was 
considered to be outside the scope of this investigation. 
However, it is evident from the stream-discharge data in 
table 16 that during the summer months, evapotranspiration 
is capable of taking up all or nearly all the ground water that 
discharges to the small streams in the study unit. Numerous 
streams listed in table 16 had no flow during the summer 
measurement, and in many other streams, the summer flow 
decreased by greater than an order of magnitude as com 
pared with winter flow.

At the present time (1992), withdrawals from the 
Central Oklahoma aquifer are major sources of water for 
public supply, industry, irrigation, domestic supply, stock 
watering, and other uses (the term "withdrawal" is preferred 
to the term "water use" in this report because it is the with 
drawal of ground water that is significant from a geohydro- 
logic point of view, as opposed to the use of the water). To 
estimate total withdrawals from the aquifer, two separate 
sources of information were considered. The Oklahoma 
Water Resources Board collects reported water-use data in 
Oklahoma, for surface and ground water (the Board com 
piles data that concern "reported water use;" data that con 
cern reported water use listed as having a ground-water 
source are treated as ground-water withdrawals in this 
report). Domestic withdrawals from the Central Oklahoma 
aquifer were estimated from population census information. 
Withdrawal of ground water for stock use was not esti 
mated.

All users of water other than domestic and stock 
users are required to report water use to the Oklahoma 
Water Resource Board on an annual basis. Water use is 
reported to the Board for the following categories: irriga 
tion; public supply; industrial; power; mining; commercial; 
recreation, fish, and wildlife; nonirrigated agriculture; and 
"other" uses. However, compliance with the requirement to 
report water use is not complete; the State of Oklahoma 
does not require metering of water use, so some reported 
uses are estimates. For this study, data for reported water 
use from ground-water sources for Cleveland, Lincoln, 
Logan, Oklahoma, and Pottawatomie Counties (fig. 2) were 
provided by the Board. Wells not withdrawing water from 
the Central Oklahoma aquifer were eliminated on the basis 
of the legal description of the locations of the wells and 
knowledge of the geohydrology of the aquifer. Ground- 
water withdrawals (excluding domestic and stock use) from 
wells completed in the Central Oklahoma aquifer are sum 
marized in table 18 and shown on figure 26. No attempt was 
made to correct for differences in compliance with the 
State's requirement for reporting water use. Ground-water 
withdrawals in 1972 are omitted from table 18 and figure 26 
because records are incomplete for that year.

The general trend in total withdrawals was a gradual 
increase from 4,485 Mgal in 1967, which was the first year 
data were available, to a peak use of 13,900 Mgal in 1985. 
As a fraction of total reported use, public supply, which was 
by far the largest use, increased from 53 percent of the total 
withdrawals in 1967 to a maximum of 84 percent in 1979 
and 1984. Beginning in 1986, a decline in total withdrawals 
was caused entirely by a dramatic decline in withdrawals 
for public supplies. The decline in public supply withdraw 
als was caused by a shift in sources of water from the Cen 
tral Oklahoma aquifer to surface-water supplies by some of 
the municipalities in central Oklahoma, notably the cities of
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Table 18. Reported ground-water withdrawals from the Central Oklahoma aquifer

[Source of data: Oklahoma Water Resources Board; --, reported water use less than 0.5 million gallons per year or no data]

Reported wafer use, in millions of gallons per year

Year

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984
1985

1986

1987

1988

1989

Agricul 
ture

10
--

--

--

10
--
10

10

9

10

10

10
--

4

6

4

25

10

37

38

61

74

62

Com 
mercial

827

818

833

897

973
-

925

915

881

887

1,120

932

813

864

821

2,445

2,220

483

2,088

2.141

2,153

595

1,754

Industrial

435

438

416

513

847
--

798

497

825

706

842

616

115

622

699

245

588

209

478

465

501

572

161

Irrigation

300

300
--

--

..

..

--

2

9

20

19

5

9

954

408

657

782

711

871

1,109

808

1,149

1,062

Mining Other

342

433

234

125

112
 

23

14

59

52

120

224

404

617

351

278 77

269 108

286 102

1,294 81

167 45

284 41

282 3

270

Power

199

202

356

558

430
--

407

230

52

53
--

63

76

70

64

67

60

90

68
167

170

117

65

Public 
supply

2,356

3,658

4,140

3,833

3,366
--

4,920

4.998

6,045

5,062

7,297

8,436

7,374

8,413

7,030

8,580

9.225

9,703

8,956

7,635

8,016

6,157

4,401

Recreation, 
fish, and 
wildlife

16
--

41

52

8
--

40

41
-

8

15

15

19
--

--

15

3
--

26

48

54

82

85

Total

4,485

5,849

6,019

5,976

5,747
 

7,123

6,707

7,881

6,799

9,423

10,301

8,810

11,544

9,378

12,367

13,280

11,595

13,900

11,815

12,087

9,032

7,860

Edmond, Midwest City, and Del City. In 1989, the last year 
for which data were available, withdrawals for public sup 
plies had declined to 4,401 Mgal, or 45 percent of the peak 
of9,703Mgalin 1984.

Although domestic use is not reported to the Okla 
homa Water Resources Board, it is a significant component 
of total withdrawals. Most homes outside the major urban 
areas, as well as some homes within major metropolitan 
areas, are supplied by domestic wells. Because there is no 
requirement to report domestic water use, domestic use was 
inferred from population census information. Domestic 
withdrawals were estimated by first determining the number 
of housing units that overlie the Central Oklahoma aquifer 
and that are supplied by domestic wells, estimating the 
number of occupants per household, and multiplying by the 
per capita use obtained from the literature. Total domestic 
withdrawals were calculated from these data.

Since the 1960 census, the type of water supply used 
in homes has been one of the data elements collected by the

Bureau of the Census (U.S. Department of Commerce, 
1960, 1970, 1980). The total number of housing units that 
overlie the Central Oklahoma aquifer and that are supplied 
by domestic wells was compiled from Bureau of the Census 
data. Because Lincoln, Logan, and Pottawatomie Counties 
have areas that do not overly the aquifer, the number of 
domestic wells in those counties was multiplied by the ratio 
of the population living over the aquifer on the basis of cen 
sus tracts to the total population of the county. The ratio of 
homes with domestic wells to the total number of homes 
were assumed to be the same in that part of the county that 
overlies the Central Oklahoma aquifer as in the entire 
county. The domestic well data has the following limita 
tions:
  In 1960, information was not collected on the source of 

water supply for areas of population greater than 
50,000, so wells in such areas were not counted.

  No domestic wells completed in the Central Oklahoma 
aquifer in Payne County are included because only a
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Figure 26. Reported ground-water withdrawals from the Central Oklahoma aquifer, 1967- 
89 (Source of data: Oklahoma Water Resources Board).

Table 19. Estimated domestic ground-water withdrawals from the Central Oklahoma aquifer 

[Mgal/yr, million gallons per year; all figures adjusted to the area overlying the Central Oklahoma aquifer]

Year County

1960 Cleveland............
Lincoln................
Logan.. ................
Oklahoma ...........
Pottawatomie...... 

Total................

1970 Cleveland............
Lincoln.... ............
Logan..................
Oklahoma ...........
Pottawatomie...... 

Total.. ..............

1980 Cleveland............
Lincoln.. ............ ..
Logan..................
Oklahoma ...........
Pottawatomie ...... 

Total. ...............

Domestic wells

2,328
2,382
1 955
8,183
3,698 

18,546

3,484
2,202
1,872
5,303
3,827 

16,688

7,209
3 553

3,525

8744
6,915 

29,946

Occupied 
housing units

13,025
4,340
5,655

139,844
13,529 

176,393

24,246
4,446
5,827

175,914
13,942 

224,375

45,776
6,754
8,670

220,580
20,062 

301,842

Population

47,600
13,058
17 249

439,506

41,143 
558.556

81,839
12,720
17,681

526,805
41,189 

680,234

133,173
18,624
24,767

568,933
55,239 

800,736

Ground-water 
withdrawal
(Mgal/yr)

174

146

122

526

230 

1,198

240

129

116

325

231 

1,041

429

200

206

461

389 

1,685
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small, sparsely populated part of Payne County overlies
the aquifer.

The number of domestic wells and the number of occupied 
housing units are listed in table 19.

The number of occupants per home was estimated 
from Bureau of the Census data. For each of the five coun 
ties with a large area underlain by the Central Oklahoma 
aquifer (excluding Payne County), the population in census 
tracts that overlie the aquifer was divided by the number of 
occupied housing units in the same census tracts. The mean 
number of occupants per home was assumed to be the same 
regardless of whether the home is supplied by a domestic 
well or by other types of water supplies. Finally, per capita 
water use was estimated by Stoner (1984) to be 56 gallons 
per day per capita for self-supplied domestic use in Okla 
homa in 1980. Applying this estimate of per capita water 
use to the population in the study area, the estimated domes 
tic water use for the Central Oklahoma aquifer for 1960, 
1970, and 1980 was calculated (table 19). Adding domestic 
withdrawals to reported ground-water withdrawals from the 
Water Resources Board indicates that total ground-water 
withdrawals were 7,017 Mgal in 1970, of which domestic 
use was 15 percent of the total, and 13,229 Mgal in 1980, of 
which domestic use was 13 percent of the total.

Underflow

Underflow is ground water that is added to or 
removed from the Central Oklahoma aquifer by flowing 
across the aquifer boundaries. Underflow differs from 
recharge or ground-water discharge, as defined in previous 
sections of this report, in that recharge and discharge occur 
within the boundaries of the aquifer. Underflow includes 
ground water flowing into or out of the Central Oklahoma 
aquifer through the Hennessey Group and the Vanoss For 
mation, under the Cimarron or the Canadian Rivers, and 
through alluvium and terrace deposits at the boundaries of 
the study unit. Underflow through the Hennessey Group and 
the Vanoss Formation is thought to be small because these 
units are less transmissive than the Central Oklahoma aqui 
fer. As discussed in the section "Definition of the Central 
Oklahoma Aquifer," little ground water flows under the 
Cimarron and the Canadian Rivers because the aquifer is 
less transmissive beyond these rivers, which are hydrologic 
barriers to underflow. Some water flows into or out of the 
Central Oklahoma aquifer through alluvium and terrace 
deposits; this volume also is thought to be small because of 
the small cross-sectional area of the alluvium and terrace 
deposits (relative to the entire aquifer thickness) and 
because the largest component of ground-water flow 
through the alluvium and terrace is toward streams. Thus, 
total underflow into or out of the Central Oklahoma aquifer 
is thought to be small.

Ground-Water Models

Three models were used to describe the ground-water 
flow system in the Central Oklahoma aquifer conceptual, 
numerical flow, and particle tracking. The conceptual model 
can be considered to be the theory that describes the 
ground-water flow system in the Central Oklahoma aquifer. 
This conceptual model was translated into the boundary 
conditions and model parameters that were used to develop 
numerical flow and particle-tracking models. These two 
models are computer models that simulate certain aspects of 
the ground-water flow system. The computer models were 
used to quantify fluxes and flow velocities within the aqui 
fer and to aid the visualization of the ground-water flow 
system.

Conceptual Model

The information on the lithology and geometry of the 
geohydrologic units, the water-table map, the hydraulic 
properties of the aquifer, and the recharge and discharge of 
the aquifer were combined with basic principles of geohy- 
drology to define a conceptual model of the Central Okla 
homa aquifer, which is stated as follows:
  The conceptual model of ground-water flow within the 

Central Oklahoma aquifer is based primarily on the 
transmissivities of the geohydrologic units that make up 
the aquifer. The most transmissive geohydrologic units 
are the Garber Sandstone and Wellington Formation and 
the alluvium and terrace deposits; the Chase, Council 
Grove, and Admire Groups appear to be less transmis 
sive on the basis of the available specific-capacity data. 
The transmissivities of the Permian geohydrologic units 
depend largely on the percentage of sandstone. The per 
centage of sandstone is greatest in the central part of the 
aquifer and decreases in all directions. The Hennessey 
Group and the Vanoss Formation are primarily silt- 
stones and mudstones and, therefore, were considered to 
be confining units above and below the aquifer.

  The Cimarron River was established as the northern 
boundary of the aquifer because the transmissivities in 
the Permian geohydrologic units decrease to the point 
that no high-capacity wells are completed north of the 
river; the Canadian River was established as the south 
ern boundary for similar reasons. Because ground-water 
underflow beneath these rivers was assumed to be negli 
gible, they are no-flow boundaries to the aquifer. The 
eastern boundary of the aquifer is the eastern limit of the 
outcrop of the Chase, Council Grove, and Admire 
Groups. The western boundary of the aquifer is consid 
ered to be where freshwater circulation in the aquifer 
becomes negligible, which is indicated by an increase in 
dissolved-solids concentrations to greater than 5,000 
mg/L. Similarly, the base of the aquifer is considered to 
be where freshwater circulation becomes negligible and
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is marked by an increase in dissolved solids to greater 
than 5,000 mg/L.

  The water-table map indicates regional ground-water 
flow is west to east; the Deep Fork is a major discharge 
area for the regional flow system. The water-table map 
also indicates that local flow systems are present within 
the unconfined part of the aquifer. Most streams are 
gaining streams, and very few losing streams are evi 
dent.

  Most of the recharge to the study unit is infiltration of 
precipitation through the outcrops of the Garber Sand 
stone; the Wellington Formation; the Chase, Council 
Grove, and Admire Groups; and the alluvium and ter 
race deposits. Most recharge in the outcrop area flows 
through local flow systems and discharges to nearby 
streams. Some recharge enters a regional flow system 
and discharges to streams at lower altitudes, especially 
the Deep Fork. Small volumes of water recharge the 
aquifer through the Hennessey Group and discharge 
from the aquifer to the Vanoss Formation.

Numerical Flow Model

A numerical flow model, which was used to test the 
validity of the conceptual model, combines a mathematical 
model of ground-water flow with a conceptual model of the 
aquifer and computes response variables. These response 
variables then are compared with field measurements of the 
same properties. When the simulated response variables 
from the numerical flow model approximate the measured 
response variables, the numerical flow model is considered 
to be a reasonable approximation of the modeled aspects of 
the flow system, and by extension that the conceptual model 
of the aquifer is reasonable. Of course, good agreement can 
be achieved between the response variables and field mea 
surements by specifying unrealistic or erroneous aquifer 
properties or boundary conditions. The uses, limitations, 
and misuses of numerical flow models are well documented 
in, for example, Mercer and Faust (1981).

The Central Oklahoma aquifer was modeled only as a 
steady-state system without withdrawals. Because the water 
table does not indicate substantial effects from withdrawals 
(see the discussion in "Potentiometric Surface"), no tran 
sient conditions were simulated.

The numerical flow model used to simulate the Cen 
tral Oklahoma aquifer was the USGS's modular ground- 
water flow model (McDonald and Harbaugh, 1988). This 
model uses a block-centered, finite-difference approach to 
simulate flow in three dimensions. The Central Oklahoma 
aquifer simulations contained 40 columns, 60 rows, and, 
because vertical flow is substantial, 12 layers (figs. 27, 28). 
In the horizontal dimensions, cells are 6,562 ft (2,000 
meters) on a side, and cell spacing is constant for the region 
of simulation. All layers are 100 ft thick. Unlike many flow 
models, the model layers do not correspond to particular

geologic units. Instead, the layers are horizontal, and each 
cell is assigned properties that represent the geohydrologic 
unit that is the thickest within the cell (fig. 28). For this 
report, the term "stack" is used to mean the cells in all layers 
at a particular row and column in the finite-difference grid.

The uppermost active cell in a stack is the cell in 
which the water table occurs, and the lowermost active cell 
is the cell that contains the base of fresh ground water 
(fig. 28). The number of active cells in each stack ranges 
from 1 to 11. A few stacks around the edge of the aquifer 
where the aquifer is thinnest contain only a single active 
cell. In no stack were all 12 layers active because the high 
est altitude of the water table was not at the same location as 
the lowest altitude of the base of fresh ground water.

Boundary conditions were established to represent as 
closely as possible the conceptual model of the flow system. 
Lakes and perennial streams were simulated as head-depen 
dent flux boundaries, and flow between the lake or stream 
and the aquifer was dependent on the difference in head. 
Stacks of cells that correspond to the aquifer at the Cimar- 
ron and the Canadian Rivers contained one or more active 
cells, but no active cells were included north of the Cimar- 
ron River or south of the Canadian River. This arrangement 
of active and inactive cells produced no-flow boundaries for 
the model, which precluded any underflow at these two riv 
ers.

The western boundary of the model was established 
as a no-flow boundary at the freshwater/brine interface, 
which is assumed to mark the limit of freshwater circulation 
in the aquifer. For steady-state conditions without with 
drawals (the conditions simulated here), the interface was 
considered to be stable, and simulating this interface as a 
no-flow boundary seemed to be a valid assumption. To sim 
ulate the small amount of underflow into the study unit 
through the Hennessey Group, the uppermost active cell in 
the stacks at the western boundary were made into constant- 
head cells. These constant-head cells served as sources or 
sinks for whatever quantity of water was needed to maintain 
the hydraulic head at a constant altitude. Because the model 
was used only to simulate steady-state conditions, the use of 
constant-head cells was considered to be an acceptable 
approach to simulate the small ground-water flux across the 
western boundary. Similarly, a no-flow boundary simulated 
the eastern boundary of the study unit, where the Chase, 
Council Grove, and Admire Groups have been removed by 
erosion. As at the western boundary, constant-head cells 
were used in the uppermost active cell in the stack at the 
eastern boundary to simulate the small flux of water that 
flows out of the Central Oklahoma aquifer as underflow 
through the Vanoss Formation. The lower boundary of the 
aquifer (the base of fresh ground water) was simulated as a 
no-flow boundary.

Spatial data for the Central Oklahoma aquifer model 
were stored in a geographic information system (CIS). At 
the beginning of each simulation, data were retrieved from
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Figure 27. Finite-difference grid used for simulating the Central Oklahoma aquifer ground-water flow system.
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Figure 28. Geohydrologic section along latitude 35°30' showing example of discretization of layers in the ground-water flow 
model.

the CIS to define the position of the base of fresh ground 
water, water table, tops and bottoms of geohydrologic units, 
and the positions of streams and lakes. The data were trans 
ferred to a Fortran program that formulated input data for 
the numerical flow model. Saturated thickness was calcu 
lated as the difference between the altitude of the water 
table and the base of fresh ground water. A model cell was 
set to active if it had a positive saturated thickness. The 
maximum saturated thickness was 100 ft, which also was 
the total thickness of the cell. If the cell had a positive satu 
rated thickness, then the Fortran program determined the 
predominant (thickest) geohydrologic unit in each cell and 
assigned that geohydrologic unit to the cell. The same sand 
stone hydraulic conductivity was assigned to every cell that 
represented a particular geohydrologic unit. Transmissivity 
was calculated as the product of the saturated thickness, 
within the cell, the sandstone hydraulic conductivity, and 
the sandstone percentage. The sandstone percentage was 
determined from geophysical and drillers' logs (R.A. Funk- 
houser, USGS, written commun., 1990) and assigned to 
every cell in the stack. Finally, recharge was assigned to the 
uppermost cell in each stack on the basis of the predominant 
geohydrologic unit in the uppermost cell in the stack, which

corresponded to the geohydrologic unit at the land surface. 
The same recharge rate was assigned to every cell of the 
same geohydrologic unit. The Fortran program generated 
input files in the format required by the numerical flow 
model.

The numerical flow model was used to compute 
heads at every cell and volumetric fluxes between active 
cells and through boundaries. The volumetric fluxes were 
used to calculate ground-water ages (see the section "Parti 
cle-Tracking Model"). The response variables simulated 
heads and ground-water ages should be similar to the 
measured heads and ages but rarely does this occur on the 
basis of the initial estimates of aquifer properties. After the 
initial simulation, the parameters in the model that represent 
aquifer properties are adjusted to produce better agreement 
between response variables and measured properties. This 
process is known as calibration and is discussed in the sec 
tion "Calibration."

Particle-Tracking Model

A particle-tracking model was used in conjunction 
with the numerical flow model to calibrate the flow model,
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to assist in visualizing flowlines in the flow system, and to 
integrate the results of the flow model simulations with the 
analysis of the geochemistry of the Central Oklahoma aqui 
fer. The particle-tracking model generates pathlines, which 
are the paths of hypothetical "particles" of water that move 
through the aquifer as simulated by the numerical flow 
model. The pathlines correspond to flowlines in the Central 
Oklahoma aquifer. Flowlines can be inferred from potentio- 
metric-surface maps, but such inferences are difficult in 
aquifers with complex flow systems, such as the Central 
Oklahoma aquifer. The particle-tracking model is especially 
useful in conjunction with geochemical studies. Many 
geochemical studies require knowledge of the locations of 
flowlines in aquifer systems, but in most such studies, the 
locations of the flowlines are known only approximately.

A particle-tracking model, MODPATH, which was 
developed by Pollock (1989) and designed to be used with 
the USGS's modular ground-water flow model, was used to 
compute pathlines. In addition to calculating the position of 
pathlines, the particle-tracking model was used to compute 
the time of travel of water along the pathlines. In general 
terms, the pathlines through each model cell are calculated 
by using the cell-by-cell flow terms (volumetric fluxes) 
computed by the flow model. Each directional velocity 
component is assumed to vary linearly with each grid cell. 
Particles can be placed anywhere in the model flow field 
and tracked forward or backward, and travel times can be 
computed. One of the limitations of this particular particle- 
tracking model is that it works only for steady-state flow 
models.

Calibration

Calibration is the process by which the parameters in 
the flow model that represent aquifer properties are adjusted 
to produce agreement between model response variables 
and measured properties. Calibration is needed because of 
uncertainties in formulating the conceptual model of the 
aquifer and because of measurement uncertainties associ 
ated with the determinations of the aquifer properties. Cali 
bration reconciles these uncertainties, providing the model 
parameters are adjusted within reasonable ranges. Some 
aquifer properties are known with more precision than other 
properties, and during calibration, those aquifer properties 
with small uncertainties are adjusted less or not at all. For 
example, the altitudes of the geohydrologic units in the 
aquifer have small uncertainties and were not adjusted dur 
ing calibration, whereas the recharge rate, which is inferred 
from stream discharge measurements and has a larger 
uncertainty, was adjusted as part of the calibration process.

For the Central Oklahoma aquifer numerical flow 
model, the calibration process consisted of adjusting the 
recharge rate and the vertical hydraulic conductivity of each 
geohydrologic unit to match simulated heads with measured 
heads and ground-water ages computed by the particle-

tracking model with ages determined by carbon-14 and tri 
tium age dating. The calibration then was tested by compar 
ing pathlines with sulfate concentrations in wells and 
particle-tracking ages with ground-water ages inferred from 
tritium concentration (these processes are discussed in 
detail later in this section). The base of fresh ground water, 
the positions of streams, and the tops and bottoms of geo 
hydrologic units were not adjusted during calibration 
because these properties were thought to be reasonably well 
defined.

Early in the process of modeling the Central Okla 
homa aquifer a decision was made to hold the horizontal 
hydraulic conductivity constant (vertical hydraulic conduc 
tivity will be discussed later in this section) and to vary 
recharge to produce a good fit between measured and simu 
lated response variables. Recharge and hydraulic conductiv 
ity are directly proportional, and either recharge or 
hydraulic conductivity can be fixed and the other quantity 
adjusted to produce a simulated head distribution that 
matches the observed head distribution. The horizontal 
hydraulic conductivity was held constant and recharge was 
adjusted because recharge varies in space and time but 
hydraulic conductivity varies only spatially. The methods 
used are thought to overestimate recharge to the Central 
Oklahoma aquifer (see the section "Recharge"), and the 
quantity of recharge necessary to calibrate a numerical flow 
model frequently is smaller than the measured recharge rate. 
The smaller modeled recharge generally is attributed to the 
discretization process in the model (Jorgensen, Signer, and 
Imes, 1989). In many aquifers, some recharge occurs at 
locations where the ground water discharges within a short 
distance from the point it enters the aquifer, which results in 
a short flowline. If the flowline is contained entirely within 
a model cell, then the model does not account for this vol 
ume because it only simulates flow between cells not flow 
within cells. The net recharge to any cell in the model 
should be the total recharge minus the recharge that is dis 
charged within the cell. Rather than attempt to calculate the 
net recharge rate most appropriate for each cell in the Cen 
tral Oklahoma aquifer numerical flow model, the recharge 
rate to each geohydrologic unit was adjusted to produce 
agreement between measured and simulated heads when the 
hydraulic conductivity was fixed.

Horizontal hydraulic conductivity in cells that corre 
spond to the Garber Sandstone and Wellington Formation 
and the Chase, Council Grove, and Admire Groups was set 
to the median sandstone hydraulic conductivity calculated 
from specific-capacity data (4.5 ft/d). Transmissivity was 
calculated as the product of the saturated thickness within 
the cell, the sandstone hydraulic conductivity, and the sand 
stone percentage. Because the sandstone percentage is 
smaller in the Chase. Council Grove, and Admire Groups 
than in the Garber Sandstone and Wellington Formation, the 
transmissivity in the Chase, Council Grove, and Admire
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Groups was smaller than in the Garber Sandstone and Well 
ington Formation.

No data are available for either horizontal hydraulic 
conductivity or recharge for the Hennessey Group. Because 
it does not yield large quantities of water to wells, hydraulic 
conductivity was set to a fraction of 0.001 of the sand 
stone hydraulic conductivity used for the Garber Sandstone 
and Wellington Formation. This fraction was selected some 
what arbitrarily on the basis of a hydraulic conductivity 
that might be expected for a geologic unit with the lithology 
of the Hennessey Group (Freeze and Cherry, 1979). Simi 
larly, no data are available for either hydraulic conductivity 
or recharge for the Vanoss Formation. Hydraulic conductiv 
ity in the Vanoss Formation was set to a fraction of 0.01 
of the sandstone hydraulic conductivity of the Garber 
Sandstone and Wellington Formation on the basis of 
lithology.

As discussed in the section "Hydraulic Conductivity," 
no measurements of vertical hydraulic conductivity were 
found in the literature for any of the modeled geohydrologic 
units. A uniform anisotropy, which is expressed as kh/kw 
was used for each geohydrologic unit in the flow model. 
Ratios that ranged from 10 to 100,000 were tried in the Cen 
tral Oklahoma aquifer flow model, and the effects of the dif 
ferent ratios are discussed below.

In each simulation, the flow model simulated hydrau 
lic heads and volumetric fluxes of water on the basis of a set 
of parameters that represented aquifer properties. The 
model transferred these simulated heads to a data-manage 
ment and statistical program, which compared the simulated 
head in the uppermost active cell (the simulated altitude of 
the water table) with the measured altitude of the water 
table. The goodness of fit was measured by the mean head 
difference (MHD) between measured and simulated heads 
and the mean of the absolute value of head difference 
(MAVHD), between measured and simulated heads. The 
MHD was computed by summing the difference between 
measured and simulated head at each node and dividing by 
the total number of nodes. Ideally, the MHD should be 
reduced nearly to 0 during the process of calibrating the 
model. A near-0 MHD indicates that deviation between 
measured and simulated heads is, on the average, nearly 0 
and that positive differences are balanced by negative dif 
ferences. The MAVHD was computed by summing the 
absolute value of the difference between measured and sim 
ulated heads at each node and dividing by the number of 
nodes. During the modeling process, the MAVHD should be 
minimized, which indicates that the absolute difference 
between measured and simulated head is small. For differ 
ent values of k^k^ recharge was adjusted for each geo 
hydrologic unit to produce a small MHD for cells that corre 
spond to the water table. When the MHD was reduced to 
nearly 0, the MAVHD was acceptably small for all values of

After the numerical flow model was adjusted to pro 
duce a reasonable match between simulated and measured 
heads, the particle-tracking model was used to compute the 
time needed for particles to flow to wells for which carbon- 
14 and tritium ages were available from the geochemical 
investigation (see the section "Geochemistry"). In the parti 
cle-tracking model, particles were placed at locations that 
corresponded to these wells. The particles were placed at 
1-ft intervals between the depths that corresponded to the 
top and bottom of the open interval in the well or between 
the water table and the bottom of the well if the open inter 
val was not known. The particles then were tracked back to 
their recharge locations, and the distribution of particle ages 
was computed. The distribution of particle ages was com 
pared with the carbon-14 and tritium ages, and the numeri 
cal flow model was adjusted to produce a better fit between 
particle-age distributions and carbon-14 and tritium ages.

At each well, particle, carbon-14, and tritium ages are 
described by ranges. For particle ages, the range is from the 
youngest to oldest particle. For the carbon-14 and tritium 
ages, the range is from the youngest to oldest age calculated 
for a sample, which includes the effects of different mass- 
balance models and different choices of initial-water car 
bon-14 activities. The particle ages were compared with 
carbon-14 and tritium ages by counting the number of wells 
for which the ranges of ages overlapped. Good agreement 
between particle ages and carbon-14 and tritium ages con 
sisted of a majority of wells that had overlapping ranges and 
approximately equal numbers of wells that had particle ages 
older and younger than the carbon-14 and tritium ages.

Particle ages were especially sensitive to kf/kv. Ini 
tially, a k,/kv of 100 was used in the flow model, and reason 
able agreement between simulated and measured heads was 
achieved; that is, the MHD was nearly 0 and the MAVHD 
was small. However, at a majority of wells, the particle ages 
tended to be much younger than carbon-14 and tritium 
ages, so kf/kv was increased. The best agreement between 
particle ages and carbon-14 and tritium ages was achieved 
with ki/kv equal to 10,000. At kf/kv equal to 10,000, of the 
31 wells used to compare particle with carbon-14 and tri 
tium ages, 21 wells had ages that overlapped, 6 wells had all 
particle ages older than the carbon-14 and tritium ages, and 
4 wells had all particle ages younger than the carbon-14 and 
tritium ages. A comparison between particle and carbon-14 
ages for the model with kh/k,, of 10,000 is summarized in 
table 20. Particle ages could not be calculated for 3 of the 34 
wells shown in the table because the wells were outside the 
boundary of the numerical flow model.

The simulated heads in the uppermost active cells, 
which correspond to the water table, were not particularly 
sensitive to kf/ku. Large changes in the ratio produced small 
changes in simulated heads. Increasing kf/kv increased sim 
ulated heads, but the MHD could be reduced nearly to 0 by 
decreasing recharge. The total MAVHD decreased slightly 
as kh/kv increased to greater than 10,000, but the particle
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Table 20. Tritium or carbon-14 ages and particle-tracking ages

[-- indicates no estimate of the quantity was made. Particle-tracking ages: percentiles are calculated from the distribution of ages for particles 
placed at 1-foot intervals through the open interval of the well. Tritium or carbon-14 age: "Minimum" and "Maximum" refer to the youngest and 
oldest age from any mass-balance model, including the effects of the choice of carbon-14 value for the initial solution]

Sample number

l a

2
3a

4a
5a

6a
7a
8a

9
10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

31
32
33
34

Particle-tracking age percentiles

1

0
1,500
-

0
0

700
600
300

4,500
600

500
0

13,000
3,700

79,300

400
2,200
2,400

100
3,400

51,500
34,300
10,300
7,400

17,100

25,700
18,500
11,700
16,900

1,000

~

1,100
--

2,700

50

0
2,300
-

800
200

2,700
700
800

4,800
1,200

1,000
1,500

17,700
43,900
82,700

3,900
5,100
3,500
2,100

17,100

66,700
59,200
20,000
16,400
23,800

41,700
33,600
22,600

170,200
6,700

 

8,300
--

4,100

99

23,200
4,200

--

1,100
400

7,300
800

1,200
5,100
2,200

2,600
3,900

42,700
210,900

86,600

17,300
11,500
4,900
6,600

36,800

1,137,600
1,449,700

442,200
46,900
42,600

143,000
52,600
49,900

1,240,300
34,000

 

21,600
--

5,600

Tritium or carbon-14 age

Minimum

0
0
0
0
0

0
0
0

7,500
14,500

0
6,000

500
20,000
8,500

7,000
4,000
6,500
3,500

0

8,500
31,000
10,500
10,000
15,000

23,000
20,500
18,500
29,000

500

14,500
8,500

26,000
3,500

Maximum

40
3,000

40
40
40

40
40
40

16,000
20,000

6,500
12,000
6,500

27,000
15,500

12,500
10,000
13,000
9,000
5,500

16,500
40,000
18,500
17,500
22,000

31,500
28,000
26,000
41,000

7,000

20,500
15,500
35,000
11,500

a Ground-water age in this well was inferred to be modern from the tritium concentration, which was greater than 25 picocuries per liter.
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ages became older than the carbon-14 and tritium ages at 
many wells, so kh/kv was set at 10,000.

The recharge, MHD, and MAVHD of the calibrated 
model with kh/kv equal to 10,000 are listed as follows:

  , , . . . t Recharge, in 
Geonydroloeic unit . . ° 

7 ° inches per yeai

Hennessey Group.................. 0.001 13
Garber Sandstone and .279

Wellington Formation.
Chase, Council Grove, and .0198

Admire Groups.
All geohydrologic units,  

combined.

MHD, 
in feet

0.0342
.0469

-.00962

.0332

MAVHD. 
in feet

21.6
22.8

17.7

21.6

The model computed volumetric fluxes are listed as 
follows:

Volume in, 
in cubic feet per second

Volume out, 
in cubic feet per second

Constant head = 1.0775 
Recharge = 38.684 

Stream leakage = .94717
Total = 40.709 

In - Out 
Percent discrepancy

Constant head 
Recharge 

Stream leakage 
Total 

= -.077896 
= -.19

= 0.81581 
.00000 

= 39.971
= 40.787

The major fluxes to and from the ground-water flow 
system are recharge added to the aquifer and stream dis 
charge (referred to as "stream leakage" in the preceding 
table) removed from the aquifer. The values of recharge and 
stream discharge are less than the values discussed in the 
sections "Recharge" and "Discharge to Streams" because 
the recharge and stream discharge simulated by the model 
are only those fluxes that flow between model cells. Ground 
water that enters the flow system and discharges within a 
single cell is not simulated by the numerical flow model 
(Jorgensen, Signor, and Imes, 1989). The flow model com 
putes a small influx of ground water from stream leakage, 
which corresponds to water from losing streams. Small 
fluxes of water flow in and out of the flow system through 
constant-head cells; this flux corresponds to underflow in 
the Hennessey Group and the Vanoss Formation.

A test of the calibration of the model was a compari 
son of the sulfate concentration in wells with pathlines. 
Some deep wells in the western part of the study unit pro 
duce water with a substantial sulfate concentration (greater 
than 1 mmol/L), which is assumed to be derived from the 
Hennessey Group (see the section "Geochemistry"). Parti 
cles were placed at locations that corresponded to deep 
wells in the urban corridor and tracked back to their 
recharge locations. The geohydrologic units in which the 
particles originated were tabulated and compared to sulfate 
concentrations. At kf/kv equal to 10,000, all wells with

substantial sulfate concentrations had some pathlines that 
originated in the Hennessey Group, and all wells without 
substantial sulfate concentrations had no pathlines that orig 
inated in the Hennessey Group. At kf/kv less than 10,000, 
some wells without substantial sulfate concentration had 
particles that originated in the Hennessey Group.

Another test of the calibration of the flow model was 
made by comparing the range of particle ages with the pres 
ence or absence of detectable tritium in other wells sampled 
during the NAWQA Program study. The wells for which tri 
tium concentration was determined were included in sam 
pling networks that were part of the Central Oklahoma 
aquifer NAWQA Program and are described in Ferree and 
others (1992). These wells are less than 300 ft deep, are 
completed in Permian geologic units, and had only tritium 
concentrations determined. The particle-tracking model was 
used to determine the time needed for water to arrive at 
these wells. In the simulation, particles were placed along 
the well bore at 1 -ft intervals and tracked backwards to their 
recharge locations. Particle ages then were computed.

Particle ages were compared with tritium ages by 
using a contingency table analysis (Iman and Conover, 
1983). Contingency tables are used to compare categorical 
variables. The particle ages were converted to a categorical 
variable by determining if any particle age at a particular 
well was younger than 40 years or if all particle ages were 
older than 40 years. Tritium concentration also was treated 
as a categorical variable. If the water sample from the well 
contained detectable tritium, then the well was categorized 
as containing water younger than 40 years. If the sample 
contained no detectable tritium, then the water in the well 
was categorized as having no water younger than 40 years. 
The contingency table analysis tests the independence of the 
two variables. The null hypothesis is that the proportion of 
wells that have detectable tritium is the same regardless of 
particle age. The alternate hypothesis is that there are differ 
ences in the proportions of wells that have detectable tritium 
on the basis of particle age. If the model is calibrated prop 
erly and is simulating the time required for ground water to 
travel to wells, then there should be differences in the pro 
portion of wells that have detectable tritium on the basis of 
particle age, and the null hypothesis should be rejected. For 
a contingency table analysis, the attained significance level, 
which is called the p-value, is calculated and used to deter 
mine whether to accept or reject the null hypothesis. For this 
investigation, a significance level of 0.05 was chosen, 
which means that a p-value of less than 0.05 resulted in a 
rejection of the null hypothesis and an acceptance of the 
alternate hypothesis.

The contingency table analysis was done on cali 
brated numerical flow models (calibrated in that the MHD 
was nearly 0 and the MAVHD was minimized for all geo 
hydrologic units) with kf/kv in all geohydrologic units of 
10,000, 1,000, 100, and 10. The first model tested was the 
simulation with kh/ku equal to 10,000 because this model
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had produced the best agreement between the model and 
carbon-14 ages and sulfate concentrations. The/?-value of 
0.077, which was larger than the 0.05 significance level, 
indicated that the null hypothesis was accepted. However, it 
should be noted that the calculated p-value was only slightly 
above the 0.05 significance level.

Decreasing kf/kv decreased the/7-value. For example, 
the p-value for the model that had kh/kv of 1,000 was 0.049, 
and the models that had k,/kv of 100 and 10 produced identi 
cal p-values of 0.014. Because the p-values for the models 
that had k,/kv of 1,000, 100, and 10 were less than 0.05, the 
null hypothesis was rejected, and the alternate hypothesis 
was accepted. Thus, the models that had kf/ku of 1,000, 100, 
and 10 were better for simulating flow to wells less than 300 
ft deep than the model that had kf/kv equal to 10,000. Of the 
three models, a model that had kh/kv equal to 100 is consid 
ered to be best because it has the lowest /?-value and this 
ratio fits in the range of kt/kv commonly cited in the litera 
ture.

As discussed previously, particle ages do not com 
pare favorably to carbon-14 and tritium ages in the model 
that had kh/kv equal to 100. For that model, particle ages are 
young compared to carbon-14 ages. In addition, sulfate 
concentrations compared poorly. Wells that had no substan 
tial sulfate concentration had particles that originated in the 
Hennessey Group. Thus, two different sets of simulated 
aquifer properties were needed to reconcile the numerical 
flow and particle-tracking models that had carbon-14 and 
tritium ages and sulfate and tritium concentrations. The best 
fit between the flow model and carbon-14 and tritium ages 
and sulfate concentrations (measured in deep wells) 
required kf/kv to be equal to 10,000, and the best fit between 
the flow model and tritium concentrations (measured in 
shallow wells) required a k^ku of 100. Possible explanations 
include the following:
  Because the Central Oklahoma aquifer consists of inter- 

layered sandstones, siltstones, and mudstones, water 
must pass through more siltstone and mudstone layers 
to arrive at the well screens of deep wells. Thus, the ver 
tical hydraulic conductivity needed to simulate flow to 
deep wells needs to be smaller. Because the lower 
hydraulic conductivity siltstones and mudstones are not 
modeled discretely in any of the Central Oklahoma 
aquifer models, the only method to reduce vertical flow 
is to increase kf/kv.

  Hydraulic conductivity decreases with increasing depth 
because the weight of overlying sediments increases 
(Jorgensen, Helgesen, and Imes, 1993). The difference 
between the two models could be accounted for if verti 
cal hydraulic conductivity decreases with depth at a 
greater rate than horizontal hydraulic conductivity. 
Another possibility is that vertical fractures, which tend 
to increase vertical hydraulic conductivity, become 
sealed off at depth owing to compaction of the sedi 
ments as the weight of overburden increases. A numeri

cal flow model that incorporated a function that 
increased kh/kv with depth might account for all the 
measured data. However, the nature of this function is 
not known, and the uncertainties associated with the 
data are large, so this function has not been incorporated 
into the Central Oklahoma aquifer numerical flow 
model.

  Modeling particle ages may be a scale-dependent phe 
nomenon, such as the dispersivity coefficient used in 
solute-transport models (Mercer and Faust, 1981). 
Longer flowlines may require a larger kf/kv, much as 
longer flowlines in solute-transport models require a 
larger dispersivity coefficient. The dispersivity coeffi 
cient is considered to be a measure of the scale of heter 
ogeneity that is not included in the model; the larger the 
area, the larger the dispersion (Mercer and Faust, 1981). 
Possibly, kh/kv is a measure of the scale of heterogeneity 
of the aquifer.

The above reasons are related to physical processes in 
the aquifer or the process of modeling ground-water flow in 
general. For this specific investigation, the scale of discreti 
zation used to simulate flow in the Central Oklahoma aqui 
fer is better suited to analyzing deep, regional flow than 
shallow, local flow of ground water. At the scale of discreti 
zation of the Central Oklahoma aquifer numerical flow 
model, particles must travel through many cells to arrive at 
the simulated well screens of deep wells but may travel 
through as few as one cell to arrive at the simulated well 
screens of shallow wells. The particle-tracking model com 
putes pathlines at a scale within a single cell, but the numer 
ical flow model upon which the particle-tracking model is 
based does not simulate flow inside a single cell.

Another consideration in comparing the applicability 
of the two models for this investigation is that the /7-value 
calculated from the contingency table analysis of particle 
ages versus tritium concentration for kf/kv equal to 10,000 
was 0.077, which was only slightly larger than 0.05. 
Because other compelling evidence (the comparisons of 
model results to carbon-14 ages and sulfate concentrations) 
indicates that the model with kj/kv equal to 10,000 is the 
better model, this model was selected to simulate the flow 
of ground water in the Central Oklahoma aquifer.

Discussion

The numerical flow and particle-tracking models 
were able to simulate hydraulic heads, sulfate concentra 
tions, and ages of ground water. Simulated heads always 
could be brought into reasonable agreement with measured 
heads by adjusting recharge and the ratio of horizontal to 
vertical hydraulic conductivity. Simulated heads for the 
uppermost active nodes for the Central Oklahoma aquifer 
flow model are shown in figure 29. A comparison of the 
simulated head map, which corresponds to the water table, 
to the measured water table in figure 24, shows differences
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Figure 29. Altitude of the simulated water table in the Central Oklahoma aquifer.
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Figure 30. Pathlines generated by the particle-tracking model in which a particle is placed at the center of cells that correspond 
to the unconfined part of the Central Oklahoma aquifer.
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Figure 31. Selected pathlines generated by the particle-tracking model in which a particle is placed at the center of selected 
cells that correspond to the unconfined part of the Central Oklahoma aquifer.
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Figure 32. Pathlines generated by the particle-tracking model in which four particles are placed in the uppermost active cell in 
columns 10 through 1 7 and rows 28 through 36.
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and similarities. As is typical of numerical flow models with 
generalized aquifer parameters, the simulated water table is 
less complex than the measured water table, and many of 
the smaller features of the water table are not reproduced. 
However, the major features of the water table are repro 
duced by the model.

A calibrated numerical flow model can be used to 
study aspects of the aquifer flow system that are difficult to 
observe without a flow model. In particular, combining the 
particle-tracking model with the numerical flow model 
shows flowlines directly instead of inferring them from a 
potentiometric-surface map. The flowlines in the confined 
part of the Central Oklahoma aquifer could not be deter 
mined from field measurements of hydraulic head because 
hydraulic gradients under the confining layer are so small 
that they are difficult to measure. Visualizing flowlines was 
still difficult with only hydraulic heads computed by the 
flow model because of the many layers in the model and the 
small hydraulic gradients in the confined part of the aquifer. 
The particle-tracking model makes visualizing flowlines 
easy, if the numerical flow model has been calibrated prop 
erly.

Pathlines generated by placing one particle at the top- 
center of the uppermost cell in every stack of cells that cor 
responds to the unconfined part of the Central Oklahoma 
aquifer are shown in figure 30. The figure is complicated 
because of the large number of pathlines and the pathlines 
that cross owing to flow moving in different directions at 
different depths. Figure 31 shows selected pathlines from 
figure 30 and includes arrowheads to show the direction of 
flow, thus making the pathlines easier to visualize. In both 
figures, the pathlines represent flowlines from recharge to 
discharge locations. Many pathlines in the unconfined part 
of the aquifer are short, and transit times (the time required 
for ground water to flow from recharge to discharge) are 
rapid as particles travel from their recharge locations to 
nearby streams. These short pathlines correspond to water 
in local flow systems. Longer pathlines, with longer transit 
times, also are observed in the unconfined part of the aqui 
fer. Some of the longer pathlines show flow under streams. 
These longer pathlines represent the deep, regional flow 
system.

As can be observed in figures 30 and 31, many path- 
lines that enter the western, confined part of the aquifer 
originate in a small area on the outcrop of the Garber Sand 
stone, in the unconfined part of the aquifer at about latitude 
35°23', longitude 97°23'. This location corresponds to a 
mound in the water table in south-central Oklahoma 
County, which is shown with the 1,200-ft contour on the 
water-table map (fig. 24). A more-detailed view of the 
movement of water that originates in the water-table mound 
is shown in figure 32. Pathlines were generated for 
figure 32 by placing four particles on the top of the upper 
most active cell (one in the center of each quadrant) in col 
umns 10 through 17 and rows 28 through 36. These cells

correspond to the water-table mound in the unconfined part 
of the aquifer. Particles on the western side of the water- 
table mound flow westward into the confined part of the 
aquifer and then turn north to discharge to streams as far 
away as the Cimarron River. The pathlines under the confin 
ing unit are long, as much as 50 mi. These long pathlines are 
characteristic of the deep, regional flow system in the con 
fined part of the aquifer.

Visible in figure 32 are pathlines that represent water 
that recharges the flow system on the northern side of the 
water-table mound, flows under the North Canadian River, 
and discharges to the Deep Fork. This phenomenon was 
predicted from the water-table map and base-flow measure 
ments and is corroborated by the numerical flow and parti 
cle-tracking models. Ground water that flows under streams 
to discharge at other streams at lower altitudes is character 
istic of the deep, regional flow system.

Another method that uses the particle-tracking model 
to visualize the complex ground-water flow system in the 
Central Oklahoma aquifer is the mapping of ground-water 
transit time. A map of transit time was generated by placing 
one particle at the top center of all the uppermost-active 
cells in each stack, tracking particles to their discharge 
points, plotting (at the recharge point) the time required for 
the particles to discharge, and generating lines of equal tran 
sit time (fig. 33). Transit times for local flow systems are 
short, on the order of a few years to tens of years. Flow 
along ground-water divides in the unconfined part of the 
aquifer are longer, and transit times can be longer than 
5,000 years. Transit times for recharge from the water-table 
mound in south-central Oklahoma County are large, on the 
order of tens of thousands of years. Long transit times are 
characteristic of the deep, regional flow system. Transit 
times for recharge to the Hennessey Group are very long, on 
the order of many thousands of years, because water takes a 
long time to flow downward through the Hennessey Group. 
The absolute age of the water that flows through the Hen 
nessey Group cannot be estimated accurately because 
hydraulic conductivity and recharge rate are not known for 
the Hennessey Group.

The results of the numerical flow model combined 
with the geochemical and petrographic data provide a con 
sistent description of the hydrogeochemical processes that 
occur in the aquifer. In the shallow, local flow systems, 
ground water recharges the aquifer and discharges to nearby 
streams. Flow-model and tritium ages indicate that the rate 
of flow and the flux of water are greatest in these local flow 
systems. Continuous geochemical reactions associated with 
the large ground-water flux have been sufficient to deplete 
dolomite, calcite, unstable aluminosilicate minerals, and 
exchangeable sodium in many of the local flow systems. 
The depletion of the carbonate minerals is demonstrated by 
large numbers of samples from shallow wells that are under- 
saturated with dolomite and calcite and by extensive disso 
lution textures visible in these minerals in core material.
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Figure 33. Model-calculated transit time required for ground water to flow through the Central Oklahoma aquifer.
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Petrographic evidence (as discussed in the section 
"Geochemical Reactants") indicates that in addition to car 
bonate minerals, chlorite and feldspars have been largely 
removed in some parts of the aquifer that have rapid, local 
flow systems. The small mass transfers of cation exchange 
in mass-balance models for recharge samples indicate that 
exchangeable sodium has been largely removed by 
exchange of calcium and magnesium (derived from dissolu 
tion of carbonates) for sodium. Concentrations of exchange 
able sodium in clays tend to be smallest in the shallow parts 
of the aquifer, which indicates exchangeable sodium has 
been removed.

Flow-model results and carbon-14 and tritium ages 
indicate that flow is slower and flowlines are longer in the 
deep, regional flow system of the unconfmed Garber Sand 
stone and Wellington Formation than in the shallow, local 
flow systems. In this regional flow system, ground water 
flows under nearby streams to discharge primarily to the 
Deep Fork and Little River. The flux of ground water 
through this regional flow system has not been sufficient to 
remove carbonate minerals. All ground-water samples from 
the deeper parts of the unconfmed Garber Sandstone and 
Wellington Formation are saturated with dolomite, which 
indicates that this mineral is present and reactive. However, 
small mass-transfers of cation exchange in the mass-balance 
models for samples from the deeper parts of the unconfmed 
Garber Sandstone and Wellington Formation indicate 
exchangeable sodium has been largely removed.

Flow-model results and carbon-14 ages indicate that 
flow is slowest in the confined part of the Garber Sandstone 
and Wellington Formation and in the less transmissive parts 
of the unconfined flow system, which includes parts of the 
Chase, Council Grove, and Admire Groups. In the confined 
aquifer, ground water recharges from a small area of the 
unconfined part of the aquifer, transits long flowlines, and 
discharges to the Deep Fork, the Little River, and the Cima- 
rron River drainage basins. The flux of ground water 
through the confined part of the aquifer has not been suffi 
cient to remove carbonate minerals (although petrographic 
data indicate carbonate minerals are dissolving) or 
exchangeable sodium. Mass-balance models for samples 
from these parts of the aquifer have large mass transfers of 
cation exchange, and the composition of the ground water 
generally has sodium as the dominant cation. Cation- 
exchange data indicate that exchangeable sodium is most 
abundant in mudstones; the large mass transfers of cation 
exchange and the large ratios of horizontal to vertical con 
ductivity may indicate a substantial amount of flow through 
mudstones in the confined part of the aquifer.

SUMMARY AND CONCLUSIONS

This report describes the results of geochemical and 
geohydrologic investigations of the Central Oklahoma aqui 
fer. The geochemical investigation examined core material

and chemical and isotopic analyses of ground water to iden 
tify the major geochemical reactions in the aquifer and to 
develop mass-balance models that quantify these reactions. 
In addition, the mass-balance models were used with mea 
surements of tritium and carbon-14 to estimate ground- 
water ages. The geohydrologic investigation examined geo 
logic and hydrologic data to define the geometry, stratigra 
phy, lithology, and hydraulic properties of the aquifer, the 
distribution of hydraulic head, and the rate of recharge and 
discharge. These aquifer properties were used to develop a 
conceptual model, which was the basis of numerical flow 
and particle-tracking models; these models then were used 
to quantify the rates and directions of ground-water flow. 
The two investigations yield a consistent explanation of the 
long-term hydrogeochemical processes that are occurring in 
the aquifer.

The Central Oklahoma aquifer underlies about 
3,000 mi2 of central Oklahoma and includes parts of the 
Permian Garber Sandstone, Wellington Formation, and 
Chase, Council Grove, and Admire Groups and Quaternary 
alluvium and terrace deposits. The eastern two-thirds of the 
aquifer is unconfined, and the western one-third is confined 
by the Hennessey Group. Calcium, magnesium, and bicar 
bonate are the dominant ions in ground water from the 
unconfined parts of the Garber Sandstone and Wellington 
Formation and the alluvium and terrace deposits. Sodium 
and bicarbonate are the dominant ions in the other Permian 
geologic units; that is, in the Hennessey Group, the confined 
part of the Garber Sandstone and Wellington Formation, and 
the Chase, Council Grove, and Admire Groups.

Nearly all the Central Oklahoma aquifer has an oxic 
or postoxic environment as indicated by the large dissolved 
concentrations of oxygen, nitrate, arsenic(V), chro- 
mium(VI), selenium(VI), vanadium, and uranium. Post-oxic 
environments where the ground water lacks measurable 
dissolved oxygen were most common in the alluvium and 
terrace deposits; the Chase, Council Grove, and Admire 
Groups; and in the confined and deep, unconfined parts of 
the Garber Sandstone and Wellington Formation. Sulfidic 
and methanic environments are virtually absent, and miner 
als with elements in reduced oxidation states are restricted 
to very small zones (less than 1 cm in diameter), which are 
being oxidized at their margins.

The predominant source of recharge to the aquifer is 
rainfall. A comparison of the concentrations of major ele 
ments in rainwater to those in shallow ground water indi 
cates that rainwater cannot be an important source of 
chemical constituents unless evapotranspiration concen 
trates the constituents. Most of the rainfall that enters the 
unsaturated zone of the study unit is returned to the atmo 
sphere through evapotranspiration. If evapotranspiration 
concentrates the chemical constituents of rainwater tenfold 
or more, then rainwater can be a major source of potassium, 
sulfate, phosphate, and nitrogen species in ground water.
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Rainwater is not a major source of calcium, magnesium, 
sodium, alkalinity, or chloride in ground water.

A minor source of water in the aquifer is the brines 
that enter the aquifer from dispersion, fluid inclusions, or 
dead-end pores. The brines most likely are derived from 
seawater by evaporation and other diagenetic processes. 
The bromide-to-chloride ratios of the brines indicate that 
evaporation of seawater proceeded to the point at which 
halite precipitation occurred. The bromide-to-chloride ratios 
generally are consistent with a brine source for bromide and 
chloride in the Central Oklahoma aquifer.

Petrographic observations and saturation indices indi 
cate that several minerals may be reacting in most parts of 
the aquifer. Etch pits, dissolution voids, and variations in 
mineral abundances indicate that dolomite, calcite, sodic 
plagioclase, potassium feldspars, chlorite. rock fragments, 
and micas are dissolving. The presence of euhedral, 
smooth-faced kaolinite and quartz overgrowths is consistent 
with the precipitation of these minerals as a result of disso 
lution of aluminosilicate minerals. Clay minerals constitute 
as much as 30 percent of the aquifer material; the largest 
percentages of these minerals are in the mudstones. The 
dominant exchangeable cations in most clay samples are 
calcium and magnesium. Sodium can account for as much 
as 50 percent of the exchangeable cations in some mudstone 
samples. Exchangeable sodium tends to be greater in clays 
in sandstones from the deep part of the aquifer than in sand 
stones from the shallow part of the aquifer. Variations in the 
quantity of exchangeable sodium in clays indicate that cat 
ion exchange is occurring within the aquifer. Although most 
water samples are saturated with barite, little barite was 
found in core samples. Gypsum may be present locally 
within the aquifer, as indicated by water that contains large 
concentrations of sulfate, but it was not found in core sam 
ples. Saturation indices indicate gypsum should dissolve, if 
present. Iron and manganese oxides are present as alteration 
products derived from unstable silicate and carbonate min 
erals.

Mass-balance models quantitatively account for the 
geochemical evolution of recharge by the following chemi 
cal reactions: uptake of carbon dioxide from the unsaturated 
zone (about 2.0-4.0 mmol/L); dissolution of dolomite 
(about 0.3-1.0 mmol/L), and, to lesser extents, biotite, chlo 
rite, plagioclase, and potassium feldspar; and precipitation 
of kaolinite and, perhaps, a pure silica phase. Cation 
exchange of calcium and magnesium for sodium occurs to a 
limited extent locally (usually less than 1.0 mmol/L). Small 
quantities of sulfate are derived from rainwater or dissolu 
tion of gypsum. Large concentrations of nitrate and chloride 
in some recharge samples indicate recent sources of con 
tamination.

The reactants and products in the mass-balance mod 
els for the recharge samples are consistent with the results 
of petrographic studies of aquifer material and saturation 
indices. The mass-balance models also are consistent with

the available carbon-isotope data. The models imply reason 
able isotopic compositions for carbon dioxide gas in the 
unsaturated zone (-16.0 to -25.0 per mil). The assumption 
of equilibrium isotopic fractionation between the aqueous 
phase and unsaturated-zone carbon dioxide gas fits the data 
better than the assumption of no isotopic fractionation.

Bicarbonate is the dominant anion and equimolar cal 
cium and magnesium are the dominant cations in recharge 
waters. Saturation indices indicate that dolomite and calcite 
are undersaturated in about one-half of the recharge waters. 
Recharge that is undersaturated with carbonate minerals has 
pH values that range from 6.0 to 7.3, and in the absence of 
cation exchange, recharge that is in equilibrium with car 
bonate minerals has pH values that are about 7.5. By the 
time recharge enters the deeper parts of the flow system, all 
water is saturated or supersaturated with dolomite and cal 
cite.

Mass-balance modeling of carbonate-saturated sam 
ples, which include all the samples from wells more than 
300 ft deep, indicates that after carbonate-mineral equilibra 
tion has occurred, cation exchange of calcium and magne 
sium for sodium is the dominant geochemical reaction. The 
model results also indicate the occurrence of other reac 
tions, which include dissolution of minor quantities of dolo 
mite and aluminosilicate minerals and precipitation of 
kaolinite and a silica phase. Gypsum dissolution or leakage 
of sulfate-rich water from the Hennessey Group can account 
for sulfate concentrations, and introduction of sodium chlo 
ride brines can account for chloride concentrations. Except 
for some models for one sample, all the mass-balance mod 
els were consistent with the available 8 13C data.

Cation exchange occurs to a substantial extent only in 
parts of the aquifer. Mass transfers of cation exchange tend 
to be less than 2.0 mmol/L in the unconfined part of the 
Garber Sandstone and Wellington Formation, and ground 
water in this part of the aquifer has calcium, magnesium, 
and bicarbonate as dominant ions. Mass transfers of more 
than 2.0 mmol/L cation exchange occur in the confined part 
of the Garber Sandstone and Wellington Formation and in 
less transmissive parts of aquifer, which include the Chase, 
Council Grove, and Admire Groups. This cation-exchange 
reaction accounts for the transition from calcium magne 
sium bicarbonate to sodium bicarbonate water composi 
tions. Model results also indicate the dissolution of small 
quantities of dolomite, calcite, biotite, chlorite, plagioclase, 
and potassium feldspar were consistent with the water com 
positions in these parts of the aquifer. Dissolution of these 
carbonate and aluminosilicate minerals tends to increase the 
pH of ground water. Ground water in the confined Garber 
Sandstone and Wellington Formation and parts of the 
Chase, Council Grove, and Admire Groups commonly has 
pH values that range from 8.6 to 9.1.

Carbon-14 ages of ground water in the unconfined 
part of the Central Oklahoma aquifer generally are less than 
10,000 years. Carbon-14 ages of ground water in the con-
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fined part of the aquifer range from about 10,000 to 30,000 
years or older. These ages produce a time trend in 8D values 
that is qualitatively consistent with the timing of the transi 
tion from the last glacial maximum to the present intergla- 
cial period.

A conceptual model of the flow system in the Central 
Oklahoma aquifer was developed from information about 
the lithology and geometry of the geohydrologic units, the 
water table, the hydraulic properties of the aquifer, and 
recharge and discharge. The conceptual model is based pri 
marily on the transmissivities of the geohydrologic units. 
The most transmissive units are the Garber Sandstone and 
Wellington Formation and the alluvium and terrace depos 
its; the Chase, Council Grove, and Admire Groups are less 
transmissive on the basis of the available specific-capacity 
data. The transmissivities of the Permian geohydrologic 
units depend largely on the percentage of sandstone. The 
percentage of sandstone is greatest in the central part of the 
aquifer and decreases in all directions. Because of large 
mudstone and siltstone contents, the Hennessey Group and 
the Vanoss Formation are assumed to be confining units 
above and below the aquifer.

The Cimarron and the Canadian Rivers were estab 
lished as the northern and southern extents of the aquifer 
because transmissivity decreases beyond the rivers and 
because there is no indication of ground-water underflow at 
these rivers. The eastern boundary of the aquifer is the limit 
of the outcrop of the Chase, Council Grove, and Admire 
Groups. The presence of brines in the western part of the 
study unit and below the aquifer indicate the extent of the 
freshwater flow system in these directions.

The water table map indicates regional ground-water 
flow is west to east; the Deep Fork is a major discharge area 
for the regional flow system. The water table map also indi 
cates that local flow systems are present within the uncon- 
fined part of the study unit. Most streams are gaining 
streams, and very few losing streams are evident.

Aquifer properties were evaluated by using data col 
lected as part of this study and from other sources. Esti 
mates of transmissivity for the Garber Sandstone and 
Wellington Formation ranged from 22 to 3,600 ft2/d; 
median values (depending on the source of data) ranged 
from 260 to 450 ft2/d. Estimates of the horizontal hydraulic 
conductivity of sandstone in the study unit ranged from 0.16 
to 120 ft/d; the median was 4.5 ft/d. The median porosity of 
sandstones in the Permian geologic units was determined 
from point counts of thin sections to be 0.22. The median 
storage coefficient calculated from data from six aquifer 
tests in the Garber Sandstone and Wellington Formation 
was 0.0002. The median recharge rate estimated from mea 
surements of base flow to streams was 1.6 in/yr. The ratio of 
horizontal to vertical hydraulic conductivity was estimated 
to be 10,000:1.

The aquifer is a major source of water for public and 
domestic supply, industry, irrigation, and stock use. Total

reported withdrawals reached a maximum of 13,900 Mgal 
in 1985 but decreased to 7,860 Mgal by 1989. The decrease 
was caused by the shifting of sources of public supply from 
ground water to surface water by some of the municipalities 
in central Oklahoma, notably the cities of Edmond, Mid 
west City, and Del City. Domestic withdrawals are not 
reported but were estimated to be about 1,685 Mgal in 1980. 
The withdrawals have not produced any major cones of 
depression that are observable in the water table, which was 
mapped on the basis of measurements obtained from 
December 22, 1986, to April 24, 1987.

The flow system in the aquifer can be considered to 
have three major components a shallow, local flow system 
in the unconfined part of the aquifer; a deep, regional flow 
system in the unconfined part of the aquifer; and a deep, 
regional flow system in the confined part of the aquifer. In 
the shallow, local flow system, water flows quickly along 
short flowlines from the point of recharge to the point of 
discharge at the nearest stream. Many water samples from 
shallow wells contain large concentrations of tritium, which 
indicate ground-water ages of less than 40 years. In the 
deep, regional flow system in the unconfined part of the 
aquifer, water takes more time to flow along longer flow- 
lines than in the shallow, local flow system. Much of the 
water in this flow system is recharged along ridges that cor 
respond to ground-water divides between drainage basins. 
Transit times for water that recharges the aquifer along 
ridges is greater than 5,000 years, as computed using a 
numerical flow model in conjunction with a particle-track 
ing model. The models also indicate water in the deep, 
regional flow system in the unconfined part of the aquifer 
flows under some streams, such as the North Canadian 
River, to discharge at other streams at lower elevations. The 
deep, regional flow system in the confined part of the Gar 
ber Sandstone and Wellington Formation is recharged from 
a small part of the outcrop area of the Garber Sandstone. 
From the recharge area, water flows west under the confin 
ing unit to discharge to streams as far away as the Cimarron 
River. Flowpaths are long, as much as 50 mi. The transit 
times in this flow system range from thousands to tens of 
thousands of years. The pathlines for some wells in the con 
fined part of the aquifer indicate some flow through the 
Hennessey Group. Large sulfate concentrations in water 
samples from these wells are consistent with a small flux of 
sulfate-rich water from the Hennessey Group.

The results of the geochemical and geohydrologic 
investigations demonstrate that the long-term hydro- 
geochemical process that occurs in the Central Oklahoma 
aquifer is the removal of unstable minerals, which include 
dolomite, calcite, biotite, chlorite, and feldspars, and the 
replacement of exchangeable sodium on clays with calcium 
and magnesium as a result of chemical reaction and ground- 
water flow. Saturation indices, abundances and dissolution 
textures of minerals, cation-exchange measurements, quan 
titative mass-balance models, and ground-water ages as cal-
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culated by tritium, carbon-14, and ground-water flow 
modeling are consistent with this hydrogeochemical pro 
cess.

Over geologic time, the rapid flux of water through 
the shallow, local flow systems has been sufficient to 
remove most of the dolomite, calcite, and exchangeable 
sodium. In places, most chlorite and feldspars also have 
been removed. In the deep, regional flow system of the 
unconfined part of the Garber Sandstone and Wellington 
Formation, the flux of water has been sufficient to remove 
most of the exchangeable sodium, but sufficient carbonate 
minerals remain to maintain dolomite and calcite equilib 
rium. In the confined part of the Garber Sandstone and 
Wellington Formation and in the less transmissive parts of 
the unconfined aquifer, which includes the Chase, Council 
Grove, and Admire Groups, ground-water flow is slowest, 
and the flux of water and extent of reaction have been insuf 
ficient to remove either the carbonate minerals or the 
exchangeable sodium on clays.
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APPENDIX



An extensively modified version of the program BALANCE 
(Parkhurst, Plummer, and Thorstenson, 1982) was used to make 
the mass-balance calculations. BALANCE accepted as input a set of 
mineral compositions and the total elemental concentrations of two 
ground waters, the initial water and the final water. The number of 
minerals had to equal the number of elemental concentrations. 
The program then solved a set of linear equations of the following 
form:

(Al)

where AC, is the concentration difference between the two waters 
for element i, 6f- ; is the stoichiometric coefficient of element i in 
mineral j, and a} is the mass transfer of mineral j (positive for dis 
solution, negative for precipitation). The unknowns in the equa 
tions are the a,, which are the mass transfers of minerals needed to 
account for the differences in concentrations between the initial 
and final waters.

The modified version of BALANCE used a linear program 
ming formulation of the problem. Uncertainties were assigned to 
the analytical data from which uncertainties in AC, were derived. 
The new formulation used inequality constraints of the following 
form:

AC, - e, < b, fa < AC, + (A2)

where £^ and £H are the lower and upper bounds of the uncer 

tainty. BALANCE implicitly assumed charge balance in the mass-

balance models it produced. With uncertainties in the analytical 
data, charge balance had to be considered explicitly in the modi 
fied version of the program. An alkalinity equation of the form of 
equation A2 (alkalinity is a combination of charge-balance and 
mass-balance equations) was used for this purpose (the coeffi 
cients fro/to/miry^ are given for the minerals used in this report in 
table 7). It also was necessary to include a mass-balance equation 
for each valence state of each redox element to account properly 
for alkalinity produced or consumed by redox processes. The lin 
ear programming approach made it possible to constrain the cty to 
be positive or negative. Thus, a mineral could be constrained only 
to dissolve or precipitate, if there were geochemical evidence that 
the mineral reacted only in one way. The number of minerals was 
allowed to exceed the number of elemental concentrations, and an 
exhaustive search procedure was implemented to find all mass-bal 
ance models that had a minimal number of nonzero mass transfers 
of minerals. A mass-balance model, which satisfied the con 
straints and had K minerals with nonzero mass transfer, had a min 
imal number of nonzero mass transfers if no model could be found 
with any subset of those K minerals that also satisfied the con 
straints.

An uncertainty of plus or minus 5 percent was used for alka 
linity and all of the elemental concentrations, except for carbon. 
Uncertainties in total carbon concentrations were calculated by 
Monte-Carlo simulations that used the uncertainties in alkalinity, 
pH, and all of the other elements. The uncertainty in pH usually 
was assumed to be 0.1 unit. Large saturation indices for calcite 
could indicate high pH values due to degassing of carbon dioxide. 
If the calcite saturation index was greater than 0.05, then larger 
uncertainties in pH values were used. The uncertainty was 
adjusted so that the range in pH values included a pH that would 
produce calcite saturation.
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